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Preface

This Special Issue covers various aspects of materials engineering in the topic of the fabrication

of hybrid and composite materials. It mainly focuses on the novel developments of new processing

methodologies for the fabrication and modification of carbon and related hybrid and composite

materials for magnetic, electronics, prosthetic and optoelectronics applications. These composite

and hybrid materials are mainly composed of the molecular structure of fullerenes, graphene,

carbon fibers and nanotubes as well as metallic nanoparticles of great potential applications in

nanotechnology. The Special Issue collected ten research articles describing diverse research topics of

different carbon base materials like single-wall carbon nanotubes, carbon fibers, fullerenes, multi-wall

carbon boron nitride and graphene hybrids and nanocomposites. The contributions of this Special

Issue can be classified into four groups: the best concerns fabrications of new composite and hybrid

materials of the different allotropies forms of carbon, such as carbon fibers, carbon nanotubes and

graphene; the second group considers the modeling, computational studies and the dynamics of

large molecules which opens up possibilities for a simplified description of many complex systems

composed of carbon molecules such as fullerenes and carbon Nano-containers; the third group looks

at the synthesis and properties of new nanoparticles and hybrid materials with various applications

due to their electrical, mechanical, dye removal and water treatments activities; and the last group is

strongly related to a discussion on the fabrication of laminated composites prosthetic foot prototyping

and their mechanical properties. Some of the articles generally contain the results of calculations

and are compared with experimental observations. The results presented in the articles collected

in this Special Issue clearly demonstrate that the carbon-based hybrid and composite materials are

clearly very important in the field of new and advanced materials. However, to date, lowering the

manufacturing cost and expanding the applications of carbon base hybrid and composites remain

challenging. The main goal of this Special Issue is to focus on the points mentioned above for the

preparation, characterization, computational studies, simulations and properties of advanced carbon

composites and hybrid materials facilitating their practical applications in various fields.

We would like to thank all authors whose contributions are included in this Special Issue for

their excellent work, and for their inspiring and interesting articles.

Walid M. Daoush, Fawad Inam, Mostafa Ghasemi Baboli, and Maha M. Khayyat

Editors
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Electrical and Structural Properties of CVD-Graphene Oxidized
Using KMnO4/H2SO4 Solution
Jin-Seok Choi 1, Ki-Sik Im 2, Tae-Kyun Lee 1, Yeo-Jin Choi 1 and Sung-Jin An 1,*

1 Department of Advanced Materials Science and Engineering, Kumoh National Institute of Technology,
Gumi 39177, Korea; choijs1220@kumoh.ac.kr (J.-S.C.); ltk@kumoh.ac.kr (T.-K.L.); dota23@kumoh.ac.kr (Y.-J.C.)

2 Advanced Materials Research Center, Kumoh National Institute of Technology, Gumi 39177, Korea;
ksim@kumoh.ac.kr

* Correspondence: sungjinan@kumoh.ac.kr

Abstract: We report the electrical properties of graphene grown via chemical vapor deposition (CVD-
graphene) and oxidized using a KMnO4/dilute H2SO4 mixture. CVD-graphene was successfully
oxidized without any pores or peeling off from the substrates. When the H2SO4 concentration was
increased, the electrical resistance of the oxidized graphene (OG) increased. In particular, OG-20
shows a nonlinear current–voltage curve similar to that of a diode owing to direct tunneling through
the interfaces between the nanosized sp2 and sp3 regions. The changes in electrical properties oc-
curred because of structural evolution. As the H2SO4 concentration increased, the number of oxygen
functional groups (epoxide/hydroxyl and carboxyl groups) in the OG increased. In addition, a reduc-
tion in the average distance between defects in the OG was determined using Raman spectroscopy.
Oxidation using a KMnO4/dilute H2SO4 mixture results in CVD-graphene with modified electrical
properties for graphene-based applications.

Keywords: graphene; oxidized graphene; oxygen functional groups; potassium permanganate;
sulfuric acid

1. Introduction

The chemical functionalization of a graphene surface can easily modify its electrical,
chemical, and optical properties. In particular, oxygen functionalization offers metal–
insulator transition by controlling the degree of oxidation, reaction sites for the synthesis
of other functional groups, and a route for hole doping [1,2]. Thus far, considerable
research has been devoted to controlling the metal–insulator transition by manipulating
the degree of oxidation through the partial oxidation and reduction of graphene oxide.
Jin et al. reported that oxidized graphene (OG) field-effect transistors (FETs) show p-type
characteristics for partial oxidation (for 5 min) and insulating behavior for full oxidation (for
60 min) of graphene in air [2]. Goki et al. reported a carrier transport mechanism in partially
oxidized graphene (POG) synthesized by varying the reduction time of graphene oxide [3].
They demonstrated that carrier transport in lightly reduced graphene oxide occurs via
variable-range hopping, whereas band-like transport dominates in well-reduced graphene
oxide. Carrier transport in graphene oxide is intriguing because of the presence of the
substantial electronic disorder arising from variable sp2 and sp3 carbon ratios. Graphene
oxide represents graphene layers with oxygen functional groups decorated on the basal
planes and edges. In graphene oxide, most of the carbon atoms bonded with oxygen are
sp3 hybridized and disrupt the extended sp2 conjugated network of the original graphene
sheet. The substantial sp3 fraction in graphene oxide can transform the material into a
semiconductor and ultimately to a graphene-like semimetal.

Although a large number of studies have been devoted to the synthesis of graphene
oxide via chemical exfoliation using graphite flakes, such as Hummer’s method, there is
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limited availability of mass-production processes for graphene oxide for electronic applica-
tions because graphene oxide is a micro-sized sheet [4,5]. Graphene oxide sheets cannot
form uniform and large-area films. Graphene grown via chemical vapor deposition (CVD-
graphene) has the following advantages: (i) it is easy to achieve the scalable production
of graphene suitable for the mass production of graphene-based electronic devices; and
(ii) it can form monocrystalline and polycrystalline graphene [6–9]. In addition, it can be
patterned using conventional lithography techniques and can be transferred onto flexible
substrates with negligible structural damage.

To oxidize the CVD-graphene, many studies have been conducted using dry oxidation
methods, such as ozone treatment assisted by UV irradiation and oxygen plasma treat-
ment [10–13]. However, these dry oxidation methods can easily form nanoscale pits (or
pores) in the graphene [14–16]. In contrast, wet-based chemical oxidation of CVD-graphene
has rarely been reported. The wet oxidation of CVD-graphene offers several advantages,
such as a low-cost process, a wide range of solvents that can be used, and easy control of
the metal-insulator transition through the adjustment of the oxidation time [2,17].

In this study, we demonstrate the variation in electrical properties and structural
evolution of oxidized CVD-graphene using the reagents used in Hummers’ method, which
is a mixed solution of KMnO4 and H2SO4. The electrical properties of the oxidized CVD-
graphene were evaluated using current–voltage (I-V) plots, as a function of the H2SO4
concentration, and by calculating the Schottky barrier height (SBH, Φb) and the gate
bias effect. The electrical properties were dependent on the structural properties of OG,
which were investigated using scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy.

2. Materials and Methods

Graphene layers were grown on Cu foils using a thermal CVD method. The detailed
growth procedure was as follows: (1) initial step at 5 mTorr and 1000 ◦C under 10 sccm
of Ar gas for 1 h; (2) annealing at 1000 ◦C under Ar 10 sccm/H2 50 sccm atmosphere for
20 min; (3) graphene growth step at 1000 ◦C under Ar 10 sccm/H2 50 sccm/CH4 50 sccm
for 1 min; and (4) final step at room temperature (25 ◦C) under an Ar/H2/CH4 atmosphere.
For the transfer of graphene onto SiO2/Si wafers, graphene grown on the other surface of
Cu foils was first removed by O2 plasma (SPI supplies, Plasma Prep III) at 100 W for 10 s.
Subsequently, the graphene/Cu foil samples were coated with poly methyl methacrylate
(PMMA). After the Cu foils were etched in a 0.5 M ammonium persulfate solution, the
PMMA/graphene samples were floated on deionized water. Finally, the PMMA/graphene
samples were transferred onto SiO2/Si wafers, and the PMMA was removed by immersion
in acetone for 1 h.

To measure the electrical properties, the mesa isolation of the graphene sheet with
a dimension of 25 × 50 µm2 was conducted using O2 plasma treatment. Subsequently,
Pd/Au (20 nm/50 nm) metal layers as ohmic contacts and an Au (50 nm) metal pad as an
external contact were deposited using an electron-beam evaporator. The distance between
the two electrodes was 13 µm. A surface oxidation region with a length of 7 µm was defined
using photolithography.

The surface oxidation of graphene was performed using 0.1 g of KMnO4 in a 10–30%
dilute H2SO4 mixture. The graphene transferred onto a SiO2/Si wafer was immersed in
the KMnO4/dilute H2SO4 mixture for 10 min at 25 ◦C. Graphene oxidized with different
concentrations of H2SO4 is denoted as OG-n, where n represents the H2SO4 concentration.
Finally, the graphene on the SiO2/Si wafer was immersed in DI water for 1 min and cleaned
by N2 blowing.

Optical microscopy (OM) and field-effect scanning electron microscopy (FE-SEM)
were used to characterize the graphene layer transferred onto the SiO2/Si wafer. High
resolution transmission electron microscopy (HRTEM) was utilized to investigate the
surface of the samples. The chemical bonds of the oxygen functional groups of the samples
were investigated using XPS with a Theta Probe AR-XPS system (Thermo Fisher Scientific,
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Waltham, MA, USA) with the following parameters: monochromatic Al Kα radiation
(hν = 1486.6 eV), X-ray energy of 15 kV, 150 W, and a spot size of 400 µm2. Micro Raman
spectroscopy (System 1000, Renishaw, Wotton-under-Edge, UK) with a 514 nm diode laser
was used to analyze the structural variation of the OG structures. OM objective lenses
(×100 magnification) were used to acquire the Raman spectra. The spectral resolution of
the equipment is 1800 l/mm gratings. The electrical characteristics of the OG structures
were investigated based on DC characteristics using a system combined with HP4156C
(Keysight, Santa Rosa, CA, USA) and a probe station.

3. Results and Discussion

Figure 1a presents a schematic of the graphene/OG in-plane heterostructure used to
evaluate the electrical properties. OG regions were formed using conventional photolithog-
raphy. The length of the OG region is 7 µm, as shown in Figure 1b. From the OM image,
the OG region has a lighter color than graphene, possibly because of the oxygen functional
groups on the OG [18]. The Raman spectra shown in Figure 1c indicate the formation of
OG regions after oxidation using KMnO4/H2SO4 solution. The detailed structural changes
in the OG are discussed later using XPS and Raman analyses as a function of the H2SO4
concentration.

Figure 1. (a) Schematic and (b) OM image of the graphene/OG heterostructure; and (c) Raman
spectra of the graphene and OG-30.

Current–voltage (I-V) curves of graphene/OG-10, OG-20, or OG-30 in-plane het-
erostructures were obtained. As shown in Figure 2a,b, OG-10 displays a resistance approxi-
mately 100 times higher than that of graphene. The I-V plot for OG-20 is a nonlinear curve,
which is different from that of OG-10 (Figure 2c). The I-V curve of the graphene/OG-20
structure is similar to that of graphene/graphene oxide vertical contact structures [19]. The
OG-30 acts as an insulator, as shown in Figure 2d. Figure 3 shows the IDS-VDS curves as a
function of the gate voltage. The OG-20 shows p-type behavior. This is due to the presence
of oxygen functional groups on the surface and/or edges of graphene [20].

Assuming an ideal diode without shunt and series resistances, the SBH of the graphene/
OG-20 in-plane heterostructure can be calculated by employing a thermionic model, using
the following Equation (1):

Φb =
kT
q

ln
(

AT2 A∗

I0

)
(1)

where k is the Boltzmann constant; T is the absolute temperature; q is the electronic charge;
A is the contact area of the barrier; A* is the Richardson constant (119.7 A·cm–2·K–2 for a
free electron); and I0 is the saturation current obtained from the I-V curves. The estimated
SBH for OG-20 was 0.28 eV.

3
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Figure 2. Current-voltage (I-V) curves of (a) graphene, (b) OG-10, (c) OG-20, and (d) OG-30.

Figure 3. IDS-VDS measurements of the OG-20 as a function of gate-bias voltages.

To demonstrate the change in electrical properties of oxidized CVD-graphene as a
function of the H2SO4 concentration, we investigated the structural evolution using XPS
and Raman analyses. Figure 4 shows the C1s spectra of graphene, OG-10, OG-20, and
OG-30. The graphene (Figure 4b) spectrum indicates the presence of strong C–C bonds,
a low amount of epoxide (C–O–C)/hydroxyl (C–OH) groups, and a very small amount
of carboxyl groups (O–C=O), at 284.6, 285.4, and 288.7 eV, respectively [21]. In the OG-10
spectrum, the amount of epoxide/hydroxyl and carboxyl groups is slightly higher than that
in the graphene. Significantly, the peak intensities corresponding to the oxygen functional
groups in OG-20 are significantly higher than those in OG-10 (Figure 4d). In addition, when
the H2SO4 concentration was increased further (OG-30), the number of epoxide/hydroxyl
groups increased slightly more than that in OG-20. The peak intensity ratio (IOC/IGC)
of oxidized carbon (285.4, 288.7, and 291 eV) to graphitic carbon (284.6 eV) explains the
oxidation degree of graphene oxide [10,22]. The IOC/IGC values of graphene, OG-10, OG-20,
and OG-30 were calculated as 0.24, 0.3, 0.6, and 0.84, respectively (see Table 1). Therefore,
the increase in the amount of oxygen functional groups changes the shape of the I-V curve
from linear (graphene and OG-10) to nonlinear (OG-20).

4
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Figure 4. (a) XPS C 1s spectra of graphene and OG samples as a function of the H2SO4 concentration.
Detailed peak analyses of (b) graphene, (c) OG-10, (d) OG-20, and (e) OG-30.

Table 1. Intensity ratio of the oxidized carbon and graphitic carbon (IOC/IGC) as a function of the
H2SO4 concentration.

Chemical Bonds Graphene OG-10 OG-20 OG-30

Graphitic carbon (%) 80.38 77.06 62.59 54.33
Oxidized carbon (%) 19.62 22.94 37.41 45.67

IOC/IGC 0.24 0.30 0.60 0.84

Figure 5a shows the Raman spectra of graphene, OG-10, OG-20, and OG-30. The
graphene spectrum shows sharp G- and 2D-bands at 1587.5 and 2688.9 cm−1, with full
width at half maximum (FWHM) values of 17.8 and 33.9 cm−1, respectively, whereas a
negligible D-band is observed at approximately 1340 cm−1. In the OG-10 spectrum, D- and
D’-bands (1625 cm−1), which are associated with defects in graphene, appear, and the 2D-
band intensity is slightly decreased compared to that of the graphene [23,24]. The defects
in the OG-10 are due to vacancies, physical adsorption of oxygen-related molecules, and
oxygen functional groups, including epoxide/hydroxyl, carbonyl, and carboxyl groups [22].
Compared with the OG-10, the FWHM of the G-band of OG-20 increases from 29.6 cm−1

(OG-10) to 63.4 cm−1 (OG-20) as shown in Figure 5b. Moreover, the 2D-band intensity is
significantly reduced in OG-20.

The average distance between defects (LD) in the OG can be calculated approximately
using the intensity ratio of D- to G-bands (ID/IG) [25,26]. Ferrari and co-workers proposed a
three-stage classification of the disorder of graphitic materials from graphite to amorphous
carbon using Raman spectroscopy [24,27]. The first is from graphite to nanocrystalline
graphite; the second is from nanocrystalline graphite to low sp3 amorphous carbon, and
the third is from low sp3 amorphous carbon to high sp3 amorphous carbon. To calculate
the LD of the graphene and OG specimens, we considered the following results of previous
studies [28]. First, from graphene to graphene oxide, the ID/IG values initially increased
(stage 1) and then decreased (stage 2). Second, the OG in stages 1 and 2 can have similar
ID/IG values, while the LD decreases. Finally, the FWHM of the G-band increases with
an increase in defects; therefore, the ID/IG value and FWHM of the G-band must be
considered simultaneously because of much larger values in stage 2. Figure 5c plots ID/IG
versus the H2SO4 concentration (0% H2SO4 indicates graphene). The ID/IG values of
OG specimens changed from 0.04 for graphene to 0.843 for OG-10, 1.06 for OG-20, and
0.878 for OG-30. Therefore, the ID/IG value increases from graphene to OG-20, but the

5
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value for OG-30 is similar to that of OG-10. In addition, the G-band FWHM of OG-20 was
significantly higher than that of OG-10. Considering the above results, graphene and OG-10
are stage 1 graphitic materials, and OG-20 and OG-30 are stage 2 materials. The LD values
of graphene and OG specimens were calculated to be 49.28 (graphene), 11.04 (OG-10), 1.387
(OG-20), and 1.263 nm (OG-30), as shown in Figure 5d. These results indicate that the
change in the electrical properties is due to the formation of oxygen functional groups,
leading to the structural disorder.

Figure 5. (a) Raman spectra, (b) G-band FWHM, (c) ID/IG, and (d) average distance between defects
(LD) of graphene and OGs as a function of the H2SO4 concentration.

The phenomenon of carrier transport in the graphene/OG-20 in-plane heterostructure
can be explained using the Mott variable-range hopping (VRH) model, which involves
consecutive inelastic tunneling processes between localized states [29–32]. Perhaps, OG-20
is composed of nano-sized sp2 domains and a sp3 matrix (disordered region), which is
confirmed by the calculated LD values as shown in Figure 5, and the disordered region
plays a role as a transport barrier at the interface [32]. As shown in Figure 6, the FE-SEM
image of OG-20 shows some heterogeneity in contrast, whereas the graphene appears
relatively uniform. This is because of the difference in the electrical resistance between
the graphene and OG-20 regions [10]. Moreover, HRTEM images (Figure 7) present the
different surface morphologies of graphene and OG-20. The OG-20 has a smaller grain size
than that of the graphene. The results verify the increase in the disordered regions in OG-20.
The oxygen functional groups form discontinuous localized states below the conduction
band, which play an important role in trapping the electrical carriers and scattering during
transport. The direct tunneling of carriers through the interface between the sp2 and sp3

domains reveals a nonlinear I-V curve in OG-20. Therefore, it is confirmed that the electrical
properties of the graphene/OG-20 in-plane heterostructures changed to a nonlinear curve
with an SBH of 0.28 eV, owing to the many structural variations created by the oxygen
functional groups in OG-20.
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Figure 6. FE-SEM images of (a) graphene and (b) OG-20.

Figure 7. HRTEM images of (a) graphene and (b) OG-20.

4. Conclusions

In summary, we demonstrated variations in the electrical properties of CVD-graphene
oxidized using different amounts of KMnO4/H2SO4. The degree of oxidation of the
OG specimens can be simply controlled by varying the H2SO4 concentration. When the
H2SO4 concentration is above 20%, the graphene/OG in-plane heterostructure exhibits a
nonlinear curve. The SBH of OG-20 was calculated to be 0.28 eV. Charge carrier transport
in our devices was due to direct tunneling through interfaces between nanosized sp2 and
sp3 regions. The sp3 regions are formed by oxygen functional groups on the graphene
surface. As a result, our simple oxidation technique enabled the modification of the
electrical properties of CVD-graphene. Furthermore, the electrical characteristics of the
graphene/OG in-plane heterostructures allow the design of functionalized graphene-based
applications with in-plane heterostructures.
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Abstract: In this study, the optical refractive constants of the (5, 5) SWBNNT and (5, 5) SWCNT
systems were calculated in both parallel and perpendicular directions of the tube axis by using
Quantum ESPRESSO and YAMBO code. It also extended the optical behaviors of (5, 5) SWCNT and
(5, 5) SWBNNT to both perpendicular and parallel directions instead of the parallel directions reported
in the literature. It also looked at the effects of the diameter of the nanotube on the optical properties
instead of chiral angles. From our results, the best optical reflection was found for (5, 5) SWBNNT,
while the best optical refraction was found with (5, 5) SWCNT. It was observed that the SWCNT
demonstrates refraction in both parallel and perpendicular directions, while (5, 5) SWBNNT shows
perfect absorption in perpendicular direction. These new features that appeared for both nanotubes
in perpendicular directions were due to new optical band gaps, which appear in the perpendicular
directions to both nanotubes’ axis. The electron energy loss (EEL) spectrum of SWBNNT revealed the
prominent π- and π + δ- Plasmon peaks, which demonstrates themselves in the reflectivity spectrum.
Furthermore, little effect of diameter was observed for the perpendicular direction to both nanotubes’
axis; as such, the combined properties of (5, 5) SWBNNT and (5, 5) SWCNT materials/systems for
transmitting light offer great potential for applications in mobile phone touch screens and mobile
network antennas. In addition, the studies of optical properties in the perpendicular axis will help
bring ultra-small nanotubes such as SWCNT and SWBNNT to the applications of next-generation
nanotechnology.

Keywords: excitonic properties; SWCNT; SWBNNT; optical band gap; optical refraction; optical extinction
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1. Introduction

Carbon nanotubes are tubular sheets of nanomaterials formed by rolling graphene
sheets into a tubular form, and they were introduced to the field of nanoscience and
nanotechnology in 1991 [1,2]. They exist in different geometries, depending on the chirality
and diameter; these are armchair, zigzag, and chiral nanotubes [3]. For example, rolling
the graphene sheet from its corner gives a different shape than when it is rolled from its
edge. As such, the structure of materials in the form of nanotubes is determined by the
chiral indices “n” and “m”, which represent the coordinates of the rolling of the graphene
sheet. In any case, the calculation of the chirality is based on the following Equation (1) [3]:

C = na1 + ma2 (1)

where a1 and a2 are the chiral vectors of the graphene sheet. The nanotubes are called
armchairs when n = m, for example (3, 3), (4, 4), (5, 5), (6, 6), and so on. It is called
zigzag when ‘n’ is not equal to ‘m’, for example (5, 4), (8, 3), and so on. However, the
nanotubes are called chiral when ‘m’ = 0. In our case, we were dealing with the armchair
form of both SWCNT and SWBNNT with (5, 5) configurations. The armchair nanotubes
show electrical properties similar to metals, while the zigzag and chiral nanotubes possess
electrical properties similar to semiconductors. Boron nitride nanotubes are also obtained
in a similar way by rolling a sheet of hexagonal boron nitride, and their chirality is also
calculated based on the aforementioned Equation (1).

Since 1991, two types of carbon nanotubes have been discovered [4]. Single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) have consis-
tently been used in nanotechnology applications because of their novel thermal, mechanical,
electrical, optical, and magnetic properties [5]. The size and chirality of the CNT depend
on the diameter and length of the nanotubes. In today’s nanoscience and technology, SWC-
NTs have been found to be used as sensors, LED devices, and photovoltaic and thermal
reservoirs [6]. A review of the literature revealed some studies on the large armchair
of SWCNTs such as (7, 7), (8, 8), (10, 10), and (12, 12) SWCNTs. Some research was also
conducted on the ultra-small SWCNTs, such as (3, 3) and (4, 4) SWCNTs. However, only
a few works of the literature showed the existence of (5, 5) SWCNT studies. This work
was designed to solve some crucial issues regarding (5, 5) SWCNT, especially the optical
properties.

On the other hand, boron nitride nanotubes (BNNTs) are rolled sheets of hexagonal
boron nitride and have similar physical geometries to CNTs. They also exist in an armchair,
zigzag, and chiral form [7]. They are therefore regarded as having close structural analogs
of carbon nanotubes [8], because carbon atoms are alternatively replaced with boron and
nitrogen atoms in a hexagonal lattice. BNNTs are perfect insulators on all configurations
with a wide bandgap of 5.5 eV [9]. BNNTs show remarkable resistance to oxidation and
greater thermal stability; such remarkable features make them excellent candidates in
mechanical reinforcement, radiation shielding, transparent bulk composites, etc. [10].
However, both CNTs and BNNTs have some common properties [7], such as high strength,
high stiffness, high thermal conductivity, low density, and high length to diameter [7].

By considering the common features found in CNTs and BNNTs, scientists have
thought of combining these two novel materials in order to come up with bridged appli-
cations that can be put into next-generation technology and applications. For example,
experimental studies were conducted on the synthesis of thermally stable CNT and BNNT
hetero materials [11], and the results showed promising applications of CNT and BNNT in
light emitting diodes (LED). Similarly, another computational approach was performed for
the electronic properties of (5, 5) SWCBNNT nanostructures, which predict the excellent
ability of these materials to serve as gas sensors [12]. Further review of the literature
showed that many experimental and theoretical studies have been conducted on the optical
properties of nanomaterials in parallel directions only (see Table 1). Besides this, very few
quantum simulation studies are available on ultra-small nanotubes such as (5, 5) CBNNT
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systems. In order to bridge this gap, this work performed a detailed simulation on the
effects of excitons across parallel and perpendicular directions to both nanotubes’ axis,
and such a comparative study was performed here for the first time. It also focused on
the potential of two nanomaterials for comparative analysis of the optical properties of
(5, 5) SWCNT and (5, 5) SWBNNT and provided some possible explanations for their use in
optoelectronics. This work also explored the effects of the diameter of the nanotubes on the
excitons, instead of the chiral angle, as studied by many works available in the literature
(Table 1).

Table 1. Reported studies on the optical properties of nanomaterials.

S/No. Research/Experiment Results Obtained Ref.

1 Optical properties of carbon nanotubes

The studies of the excitonic properties were implemented in
the parallel direction to the nanotube axis. The result
predicted that dark excitons affect the potential of carbon
nanotubes for applications as radiation shields.

[13]

2 Optical properties of CNT single-band
tight-binding approximation

The studies were applied in the parallel direction to the tube
axis, and results revealed optical transitions between Van
Hove singularities. The authors recommend further
investigations in the perpendicular direction to the tube axis.

[14]

3
Theoretical studies on optical
properties of individual carbon
nanotubes

It reported that experimental and simulation studies shall be
carried out on the ultra-small carbon nanotubes in all
directions to confirm theoretical predictions.

[15]

4 Theoretical investigation of the optical
properties of boron nitride nanotubes

The optical properties are affected by the polarization
directions (parallel) as well as the radius of the nanotube. [16]

5 Theoretical studies on vibrational and
optical properties of BNNTs

Studied Raman spectroscopy and EELS of BNNTs in the
parallel direction to the tube axis. It recommends that more
studies need to be carried out in the perpendicular directions
to bring BNNTs into the optoelectronics world.

[17]

6 Quantum simulation using quantum
ESPRESSO and YAMBO codes

Studied the excitonic properties and effects of diameter on the
polarization of SWCNTs and SWBNNTs in both the parallel
and perpendicular directions.

This work

2. Methodology

In this research, Kohn-Sham equations were applied by implementing the DFT ab
initio framework within the Perdiew-Burke-Emzahope (PBE) exchange functional. The
energy cut-off value for the construction of the plane-wave basis set for both SWCNT and
SWBNNT was achieved at 50 Ry, and the k-point value, which correlates to the ecut value,
was 1 × 1 × 28 k-mesh. This gave a total of 28 nk-points in the first Brillouin zone (BZ).
The norm-conserving pseudopotentials were used to calculate the ion-electron’s attractive
interactions. Furthermore, GW-BSE calculations were performed with YAMBO code, and
these were used to calculate the quasi-particle energies and optical properties of the (5, 5)
SWCNT and (5, 5) SWBNNT systems. A plane-wave basis set was arranged, such that the
total energy convergence was 5.5 × 10−6 Ry per carbon atom. In order to avoid inter-tube
interactions, we created a vacuum from the optimized lattice parameters concerning the
total energy, and the calculations were performed using a non-spin polarized DFT to save
computational cost. To ensure accurate results in this study, the nanotube was appropriately
relaxed to appropriate geometries. In the SWCNT, the tube length and the tube height were
chosen as 5.03 Å and 3.26 Å, respectively. The chiral/translation vectors were constructed
such that n = 5 and m = 5 to ensure the proper armchair chirality. The maximum force,
stress, and displacements were set at 0.06 eV/Å, 0.06 GPa and 6 × 10−4 Å, respectively.
The unit cell volume was 5515.67 Å3 with lattice parameters a = 16.68 Å and c = 7.68 Å.
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3. Results and Discussion
3.1. Band Gap

Computational condensed matter physics used DFT simulations to obtain the elec-
tronic and optical properties of both the bulk and nano-forms of materials with all configu-
rations. It explained the correlated relationship between the optical bandgap and electronic
bandgap of materials, as can be viewed in the ultraviolet region of the EM spectrum. As
presented in Figure 1a, highly non-metallic properties can be observed from (5, 5) SWBNNT,
which demonstrates a bandgap of 5.4 eV (Figure 1b); this value falls within the range of
the bandgap obtained for BNNTs [18] as reported in ref. [19]. There are also more energy
states in the conduction band than in the valence band for the (5, 5) SWBNNT system. The
electronic bands and density of the states were also calculated for the (5, 5) SWCNT system,
and zero bandgap can be seen with bands crossing the Fermi level and intersecting at the
Dirac point as presented in Figure 2a. A justification is that the (5, 5) SWCNT system is
metallic, as are other armchair CNTs [20]. In contrast to BNNTs, more energy states appear
in the valence band than in the conduction band (Figure 2b), and the density of the state re-
vealed three different sub-bands forming both inter-band and intra-band optical transitions
(Figure 2b). There is therefore strong optical absorption as the energy of the incident photon
equalizes the corresponding sub-bands [21]. In each case, there is a specific sub-band that
has been identified by one integer that denotes the size of the sub-band. Three optical band
gaps that are parallel to the direction of the tube axis are seen. Optical absorption occurs
when the difference in sub-band energies equals the energy of the incident photon. There is
a strong correlation between the chirality of the (5, 5) SWCNT and its optical transitions.
This is because as the diameter of the (5, 5) SWCNT increases, there occurs a shift in the
absorption peaks to greater photon energies [22].

Figure 1. (a) The electronic bands and (b) density of the states of (5, 5) SWBNNTs.

Figure 2. (a) The electronic bands and (b) density of the states of (5, 5) SWCNTs.
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3.2. Dielectric Constant

Simulation analyses were conducted on the dielectric function of the real and imagi-
nary parts of the (5, 5) SWBNNT and SWCNT in both the lower range and higher range.
The studies applied to both the parallel and perpendicular directions of the nanotube axis
of the two systems under study, as presented in Figure 3.

The linear response function of the (5, 5) SWBNNT and SWCNT structures to electro-
magnetic radiation can be explained in terms of the dielectric function [23]:

ε(ω) = ε1(ω) + iε2(ω) (2)

where ε, is the frequency of the incident, ε1(ω) is the frequency of the incident light for the
real part, and iε2(ω) is the dielectric function in the imaginary part. The contribution of s
and p orbitals was so affected by polarization [24], except for those orbitals close to the
Fermi energy level.

n =
√

ε1 (3)

The peaks of the imaginary parts of the dielectric constants of both SWCNTs and
SWBNNTs illustrate the optical band gaps. In this work, the results of the optical refractive
constants of the (5, 5) SWBNNT and (5, 5) SWCNT systems were found in both parallel
and perpendicular directions. It was calculated that 1.3 and 1.5 eV were obtained for
(5, 5) SWBNNT, and the values of 1.35 and 1.09 were obtained, respectively, for parallel and
perpendicular to the tube axis for (5, 5) SWCNT. The optical gap was also larger for (5, 5)
SWBNNT than (5, 5) SWCNT, which justifies that SWBNNT is a wide gap material and
SWCNT is a zero-gap material. It was also observed that the nanotube diameter affected
the real dielectric constant and the refractive index [25]. As such, increasing the diameter of
the nanotube decreased the real dielectric constant. In condensed matter physics involving
a non-spinning polarized case, we calculated the imaginary part of the dielectric function
from the expression:

iεαβ(ω) =
}2e2

πm2ω2 ∑
c

∫
dk〈Ck|Pα|vk〉〈vk

∣∣∣Pβ
∣∣∣Ck〉 X δ(εck − εvk −ω) (4)

where m is the rest mass of an electron, e is the amount of the charge on an electron with
mass m, Ck is the empty conduction band, and vk is the occupied valence states. For
calculation of the real part of the dielectric part, we adopted the Kramers–Kronig equation:

rεαβ(ω) = δαβ +
2
π

P
∞∫

0

ω′iεαβ(ω
′)

ω′2 −ω2 dω′ (5)

where the subscripts α and β denote the components of directions.
As presented in Figure 3a, the optical gap of the (5, 5) SWCNT in the imaginary

dielectric was larger in the parallel direction than in the perpendicular direction; as such,
the dielectric function of (5, 5) SWCNT was anisotropic [26,27]. Furthermore, the dielectric
function for the z-direction was higher than in the x-direction in the majority of the energy
ranges. The presence of peaks in the imaginary part of the dielectric function indicated the
occurrence of inter-band transitions [28]. In the case of the (5, 5) SWBNNT, the optical gap
was larger in the perpendicular direction than in the parallel direction; three smaller peaks
can be seen in the parallel direction for (5, 5) SWBNNT, and this demonstrates that BNNTs
can also be anisotropic [29].
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Figure 3. Dielectric functions of (5, 5) SWBNNT and SWCNT systems. (a) Imaginary dielectric for
(5, 5) SWBNNT, (b) imaginary dielectric for (5, 5) SWCNT, (c) real dielectric for (5, 5) SWCBNNT, and
(d) real dielectric for (5, 5) SWCNT.

3.3. Electronic Charge Distributions

The energy lost/released by an electron in traversing from one band to another
was calculated for both (5, 5) SWCNT and SWBNNT systems. The calculated charge
distributions of each of the two nanotubes are presented in Figure 4. In all cases, the
peaks of (ω) appeared as a result of combined excitations of different photons with various
frequencies. The expanded distance of the electron energy loss by the excitons in (5, 5)
SWBNNT (Figure 4a) related to the absorption peak [30]. This shows that the distribution
of the valence electrons has fast convergence. More energies were lost in the perpendicular
direction than in the parallel direction for (5 5) SWBNNT; this can be seen by the appearance
of peaks at 2.0 eV, which correspond to the energy in the plasma frequency and 2.7 eV (red)
respectively. Therefore, the maximum energy was lost as a result of the effect of incident
electromagnetic radiation with matter. In the (5, 5) SWCNT structure, the maximum energy
loss was in the parallel direction rather than in the perpendicular direction; this can be
seen from the peak at 5.0 eV presented in Figure 4b. This value is also associated with
plasma energy. Furthermore, the charge distributions were more in the direction parallel
to the (5, 5) SWBNNT tube axis. Sharp π-electronic peaks [31] were seen parallel and
perpendicular to the tube axis, as shown in Figure 4a. Plasmon peaks were seen at 4.5 eV
and 5.2 eV parallel and perpendicular to the tube axis, respectively. These results indicate
that the energy loss variations had the same amplitude in (5, 5) SWCNT. The energy loss
region of the EELS in Figure 4a,b is generally less than 50 eV; this is specifically called the
valence electron energy loss spectroscopy (VEELS) because it is dominated by the collective
excitations of the Plasmon (valence electrons) and inter-band transitions [32].
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Figure 4. Electron energy loss variations of (a) armchair (5, 5) SWBNNT and (b) armchair (5, 5)
SWCNT structures.

3.4. Reflection

It is very crucial to consider the volume of a monochromatic wavelength incident
on a material to accurately describe its response to electromagnetic radiation. This can
be achieved through studies of optical reflection and transmittance. We studied this via
a spectrum of complex refractive index as a function of a single surface reflectance and
phase function in both the parallel and perpendicular directions of the nanotube axis.
For the (5, 5) SWBNNT structure presented in Figure 5a, the maximum reflection can be
seen perpendicular to the nanotube axis, corresponding to the energy of 1.7 eV in the
electromagnetic spectrum. In addition, low-intensity reflections are seen in the parallel
direction of the tube axis due to π-π electronic excitations. For the (5, 5) SWCNT structure
in Figure 5b, there are maximum optical reflection peaks at 0.1 eV for parallel directions and
perpendicular directions. More peaks can be seen in the perpendicular direction than in
the parallel direction, occurring at 5.7, 6.3, 7.7, and 9.6 eV, respectively. This illustrates that
(5, 5) SWCNT has a higher optical reflection in the direction perpendicular to the nanotube
axis [31].

Figure 5. Optical reflection of (a) armchair (5, 5) SWBNNT and (b) armchair (5, 5) SWCNT structures.

3.5. Absorption

This study presently simulated the variation of the absorption coefficient of the
(5, 5) form of SWCNT and SWBNNT structures both parallel and perpendicular to the
nanotubes axis. To further reveal more about the fraction of the incident photon absorbed
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or transmitted, we compared the total light reflected and the total light transmitted with
the incident energy. The fraction of light absorbed per given distance in a medium was
termed the absorption coefficient. In investigating the optical properties of nanomateri-
als with zero band gaps, it was essential to calculate the optical absorption because it is
another way to understand the material’s optical constants, such as refractive index. We
analyzed the coefficient of absorption α(ω) for the incident light with frequency ω via the
well-known expression P(ω) = χ(ω)E(ω), with optical susceptibility χ(ω), where P(ω) is
the macroscopic polarization and E(ω) is the electric field [33]:

α(ω) ∼ ωImχ(ω) = Im[
j(ω)

ωA(ω)
] (6)

where j(ω) is the macroscopic current density.
Figure 6 shows the region of low range and high range energies. The peaks in the low

range energy appear because of the total intra-band excitations to the empty conduction
states from the occupied valence states. The corresponding valence-to-conduction band
transition can be seen from the peaks in the z-direction absorption spectra. The spectrum
of SWBNNT presented in Figure 6a shows only one peak, which occurred at 0.7 eV in the
perpendicular direction. This peak was a result of transitions between optical-electronic
states [34]. Zero peaks can be seen in the parallel direction, which justifies zero absorption.
The presence of a peak at 0.7 eV shows that SWBNNT only absorbed photons in the
ultraviolet region, and there was no absorption in the visible region; therefore, (5, 5)
SWBNNT was regarded as the poor absorber of photons in the visible region.

Figure 6. Optical absorptivity of (a) armchair (5, 5) SWBNNT and (b) armchair (5, 5) SWCNT
structures.

In the case of (5, 5) SWCNT, peaks appeared in both parallel and perpendicular
directions (Figure 6b). The peak in the parallel direction was due to the electronic transitions
between sub-bands, while the peak in the perpendicular direction was due to the C-C SP2

hybridized regions. The intensity of the peak was higher in the perpendicular direction
than in the parallel direction for (5, 5) SWCNT. These two peaks demonstrate the strong
absorption properties of (5, 5) SWCNT in both the UV and visible regions. To further
confirm the absorption behaviors of these two nanotubes, we studied the optical properties
of the (5, 5) form of both SWCNT and SWNNT via a simulation of UV-Vis [34] spectra. The
results are presented in Figure 7a,b.
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Figure 7. UV-Vis spectra of (a) armchair (5, 5) SWBNNT and (b) armchair (5, 5) SWCNT structures.

The results were calculated using Equation (7) in terms of the wavelength of monochro-
matic light absorbed by both systems:

λ =
hC
E

(7)

where E is the energy of the incident photon in eV
It can be seen that armchair SWBNNT showed high absorption perpendicular to the

nanotube axis only. This occurred at the wavelength range of 100 nm (see Figure 7a),
which corresponded to the range of wavelength in the UV region (100–400 nm) [35]. As
such, armchair SWBNNT demonstrates high absorption in the ultraviolet region. Similar
analyses were carried out on armchair SWCNT, as shown in Figure 7b. In this case, (5, 5)
SWCNT demonstrated high absorption in all directions in the same ultraviolet region as
SWBNNT. The combined absorption properties of these nanomaterials in the ultraviolet
region revealed that they can be used as impurity detectors. The similarities observed
in Figure 6a,b and Figure 7a,b confirmed that electromagnetic energy is a function of
wavelength.

3.6. Refraction

The index of refraction was fundamentally determined by the crystal structure; it is
the measure of the velocity of light of a given wavelength to its velocity in a medium:

R(ω) =
(n− 1)2 + k2

(n + 1)2 + k2
(8)

where n is the index of refraction and k is the extinction coefficient in the real and imaginary
parts, respectively, of the complex refractive index. As presented in Figure 8a, higher
refractions were found parallel to the (5, 5) SWBNNT axis than the perpendicular axis;
however, the extinction of refraction, which is a function of the imaginary dielectric, was
higher perpendicular to the nanotube axis. Figure 8b showed that 0.1 eV was obtained
for maximum optical extinction, and 2.0 eV was obtained for optical refraction, which
confirms the dielectric function. Refraction was seen both parallel and perpendicular to the
tube axis. The ability of (5, 5) SWCNT to refract in all directions brings it to be a potential
candidate for fiber optics and magnifying lenses [35]. Our results are comparable to the
results obtained for (10, 10) armchair SWCNT [36]. The coefficient of extinction is the
amount of energy loss as a result of charge interactions between medium and light. We
studied this to understand the number of transmissions across refracting systems, which we
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achieved by taking measurements of the photon frequency transmitted through SWBNNT
and SWCNT as a function of energy. Figure 9a,b reveals that there was perfect transmission
in all directions, and for all the SWBNNT and SWCNT structures studied, this occurred in
the energy range below 1 eV.

Figure 8. The optical refractive index of (a) armchair (5, 5) SWBNNT and (b) armchair (5, 5) SWCNT
structures.

Figure 9. Optical extinction of (a) armchair (5, 5) SWBNNT and (b) armchair (5, 5) SWCNT structures.

The combined properties of (5, 5) SWBNNT and SWCNT materials to transmit light
brings their applications for use in mobile phone touch screens [37] and mobile network
antennas.

4. Conclusions

The excitonic properties of (5, 5) SWBNNT and (5, 5) SWCNT were studied using
DFT and GW-BSE simulation methods. SWBNNT demonstrated optical bandgaps in
both the parallel and perpendicular directions, while SWCNT showed a weaker optical
gap in the perpendicular direction. It is generally reported that the electron energy is
lost due to the valence electron energy loss spectroscopy because it is dominated by
the collective excitations of the Plasmon (valence electrons) and inter-band transitions.
However, in this study, the calculated charge distribution revealed that electron energy
was lost due to the combined excitations of different photons with various frequencies.
In addition to their various optical responses in various directions, SWBNNT showed
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reflection only in the perpendicular direction, while SWCNT reflected in all directions. The
(5, 5) SWBNNT absorbed phonon only in the perpendicular direction, which suggests that
it cannot be used for perfect absorption applications. On the other hand, (5, 5) SWCNT
showed peaks in both directions; the peak in the parallel direction was due to the electronic
transitions between sub-bands, while the peak in the perpendicular direction was due to
the C-C SP2 hybridized regions. It is therefore regarded that SWCNT possesses strong
absorption properties and is suitable to be used in absorption applications, such as impurity
detectors. The dielectric property of (5, 5) SWCNT confirmed that 0.1 eV was obtained for
maximum optical extinction and 2.0 eV was obtained for optical refraction. This showed
that SWCNT transmits and refracts light, and refractions were also seen in both parallel
and perpendicular directions, which brings its application to fiber optics and magnifying
lenses. There was also a perfect transmission at low energy ranges for both systems. The
combined properties of (5, 5) SWBNNT and SWCNT materials to transmit light make them
suitable to be used in mobile phone touch screens and mobile network antennas.
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Abstract: The character of C60 fullerene motion inside a cylindrical carbon nanocontainer with flat
graphene covers has been studied. A new trajectory approach to describe the three-dimensional
motion of fullerene is presented, based on the use of motion equations for its center of mass in the field
of van der Waals forces, as well as the rotational motion equations written in the absolute basis. A
high-precision computational technology for implementing this approach is described. Calculations
have shown the components of the C60 angular velocity change stepwise. This character of the change
in rotation is determined by the impacts of the fullerene on the wall of the container. As a result of
these impacts, the energy of rotation changes abruptly.

Keywords: fullerene; carbon nanocontainer; molecular dynamics; trajectory approach

1. Introduction

Molecular structures composed of fullerenes, graphenes and nanotubes have great
potential applications in nanotechnology. They can be used as power converters, pumps,
water desalination and cooling devices, drug delivery containers, storage shuttles, switches,
sensors and nano-oscillators.

Encapsulation of an ion [1] or a water molecule [2] into a fullerene makes it possible to
obtain such a tool in controlling the movement of fullerene as a free charge [3] or a dipole
moment [4]. This opens up great opportunities for the development of new nanosized
devices. Articles, such as [5–7], talk about new applications in water desalination and
cooling technologies, energy conversion and targeted drug delivery. The authors of [8] also
propose a fully controlled electromechanical device for pumping liquid at the nanoscale.
In [9], the mechanics of an oscillator in the form of a fullerene located inside a hexagonal
packing of a carbon nanotube beam were considered. The authors of [10] presented a C60
oscillator placed in a groove of a graphene nanoribbon. In [11], the interaction of fullerene
with a carbon nanotube was studied. The results were obtained both experimentally and
using molecular dynamics calculations. In [12], using the methods of molecular dynamics,
results were obtained on the dynamic state of buckyballs enclosed in a carbon nanotube
closed at both ends. In [13], the bending strength of a nanotube containing fullerenes was
analyzed. In [14], based on the theory based on Green’s function method, the properties
of charge transfer through the CNT/C60/CNT system were studied. The authors of [15]
added another Li/C60/Li to the considered system and showed that these systems radically
differ from each other in their physical properties. The articles [16,17] present the results of
laboratory research and synthesis of nanopods with C60, C70 and C82 fullerenes. In [18],
the dynamic state of fullerenes in similar carbon pods was calculated. However, only the
vibrations of fullerenes, that is, the displacements of their centers of mass, were determined.

In this paper, we propose a new way to describe the three-dimensional motion of
a buckyball based on the use of motion equations for its center of mass, as well as the
rotational motion equations written in the absolute basis. A high-precision algorithm for
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the numerical implementation of the developed approach is also proposed. On this basis,
the dynamic state of the buckyball is studied, located in a cylindrical carbon container
(Figure 1), 3.2 nm in diameter, 4 nm high, with flat graphene covers.
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angular direction.

2. Materials and Methods

The moving fullerene molecule in our consideration is rigid, i.e., not subject to elastic
deformation. In addition, vibrations of carbon atoms in a buckyball are not taken into
account. Since the C60 molecule is a fairly large object compared to the volume of a
nanocontainer, the processes of conversion of rotational energy into translational energy
will play an important role in a detailed description of its movements. The rotation of a
supermolecule can be effectively described in terms of the atom–atom interaction approach.
The application of this approach reduces the problem of the interaction of supermolecules
to the problem of the interaction of a set of force centers, the role of which, in relation to the
molecular structures under consideration, is played by carbon atoms. Thus, interactions
of each C60 atom with all atoms in the fullerene environment will be included in the
calculation. Within the framework of the considered approach, fullerene rotations around
its own center of mass can be determined on the basis of the theorem on the change in
the angular momentum of a rotating object. The left side of the notation of this theorem
includes the time derivative of the angular momentum and the right side is the sum of the
moments of forces acting on the force centers of the fullerene.

When considering the motion of immutable molecular structures, representative
points are naturally identified. Such points are the atoms that make up the structures
under consideration. In this case, the position of the structure in space is completely
determined by the coordinates of these points. Thus, if we include the coordinates of
atoms in the number of unknown functions and find kinematic relations to determine these
coordinates, then we can build a solution to the problem of the position of a molecular
structure in space in an absolute basis, i.e., without Euler angles. The mentioned kinematic
relations in essence express the theorem of addition of velocities for the complex motion of
representative points.

If in a macroscopic body, we introduce into consideration three representative points
that do not lie on one straight line, then this method can be used to determine the position
in space of the so-called “solid” bodies. However, in this case it is necessary to tabulate the
instantaneous values of all components of the inertia tensor. This can be done in advance
before solving the problem of determining the orientation of the body in space.
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Fullerene rotation is described by equations for the angular momentum projections.
These equations in the absolute basis have the form:

dKx

dt
=

N1

∑
k=1

((yk − yc)Zk − (zk − zc)Yk) = Lx, (1)

dKy

dt
=

N1

∑
k=1

((zk − zc)Xk − (xk − xc)Zk) = Ly, (2)

dKz

dt
=

N1

∑
k=1

((xk − xc)Yk − (yk − yc)Xk) = Lz. (3)

Here xc, yc, zc are the coordinates for the fullerene center of mass; xk, yk, zk—coordinates
of carbon atoms in fullerene; N1 is the number of atoms in fullerene; Kx, Ky, Kz are the
projections of the angular momentum.

Equations (1)–(3) are considered as equations for determining the angular velocity
projections of the molecular structure in the absolute basis. Since these quantities enter
under the sign of the differential in (1)–(3), the initial conditions are needed for the angular
velocity components:

t = 0, ωx = ω0
x, ωy = ω0

y, ωz = ω0
z . (4)

The resulting projections of the forces acting on each individual fullerene atom are
determined by the following sums:

Xk = −
N2

∑
j=1

∂

∂x
U
(
ρjk

)
, Yk = −

N2

∑
j=1

∂

∂y
U
(
ρjk

)
, Zk = −

N2

∑
j=1

∂

∂z
U
(
ρjk

)
, (5)

where N2 is the number atoms in nanocontainer; U
(
ρjk

)
—interaction potential of the

kth fullerene atom and the jth nanocontainer atom; ρjk—distances between atoms. In the
present calculations, we take it in the form of classical LJ-potential with a reduced value
of the characteristic interaction energy, since both carbon atoms are in the bound state in
molecular structures, i.e., are not free. Nevertheless, this potential, like any other interaction
potential of two neutral atoms applied to molecular fragments, makes it possible to isolate
potential wells near the surfaces of the nanocontainer. The resulting potential wells make
the potential field of interactions inhomogeneous.

It is easy to show that the projections of the angular momentum are defined as the
result of the product of a string representing the vector of instantaneous angular velocity
and the inertia tensor of a rotating object:

Kx = Aωx + Fωy + Eωz, (6)

Ky = Fωx + Bωy + Dωz, (7)

Kz = Eωx + Dωy + Cωz. (8)

In this case, the components in the inertia tensor are determined by the following formulas:

A = m∑
(
(yi − yc)

2 + (zi − zc)
2
)

, B = m∑
(
(zi − zc)

2 + (xi − xc)
2
)

,

C = m∑
(
(xi − xc)

2 + (yi − yc)
2
)

, D = −m∑ (yi − yc)(zi − zc)i,
E = −m∑ (zi − zc)(xi − xc), F = −m∑ (xi − xc)(yi − yc).

(9)

Here m is the mass of a carbon atom.
The atoms that make up the fullerene participate in a complex movement, namely,

together with the center of mass of the fullerene and in rotations around it. Since the velocity
addition theorem is valid for a complex motion, the corresponding additive formulas will
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be valid for the coordinates of the points involved in the complex motion. Therefore, the
coordinates of carbon atoms in a molecule fullerene are determined as follows:

dxk
dt = uc +ωy(zk − zc)−ωz(yk − yc),

dyk
dt = vc +ωz(xk − xc)−ωx(zk − zc),

dzk
dt = wc +ωx(yk − yc)−ωy(xk − xc).

(10)

These differential equations are integrated under the following initial conditions:

t = 0, xk = x0
k , yk = y0

k , zk = z0
k (k = 1, N1). (11)

Index zero at the top means the initial values of the coordinates.
The coordinates and velocities of the moving center of mass of the molecule obey the

following differential equations:

dxc

dt
= uc,

dyc

dt
= vc,

dzc

dt
= wc, (12)

duc

dt
=

1
M

N1

∑
k=1

Xk = Uc,
dvc

dt
=

1
M

N1

∑
k=1

Yk = Vc,
dwc

dt
=

1
M

N1

∑
k=1

Zk = Wc. (13)

Here M is the fullerene mass.

t = 0, xc = x0
c , yc = y0

c , zc = z0
c ,

uc = u0
c , vc = v0

c , wc = w0
c .

(14)

3. Calculation Scheme

Let xn, yn, zn be the Cartesian coordinates of the atoms of the molecule on the nth
time layer. Here and below, for reasons of notational simplicity, we will omit the subscript
“k” of the quantities under consideration. The angular velocity componentsωn

x , ωn
y , ωn

z
will also refer to the nth time layer. In particular, for n = 0, these are the initial values
of the required quantities. Since we use a scheme that formally has the fourth order of
computational accuracy with respect to the time step, its implementation requires the
calculation of the desired values at four positions of each individual time step. Thus, in
the following notation, x1, y1, z1; x2, y2, z2; x3, y3, z3; x4, y4, z4 are coordinates in four
intermediate positions. Here, the first index corresponding to the number of carbon atoms
in the fullerene is deliberately omitted (for ease of notation). Obviously, the values in the
first position should be:

x1 = xn, y1 = yn, z1 = zn; ωx1 = ωn
x , ωy1 = ωn

y , ωz1 = ωn
z ;

uc1 = un
c , vc1 = vn

c , wc1 = wn
c .

These values, as well as formulas (6)–(9), calculate A, B, C, D, E, F, Lx, Ly, Lz, Kx, Ky,
Kz in this position.

Before finding the coordinate values in the second position of the time step, it should
be remembered that for the complex movement of a node in a molecular structure, the
velocity addition theorem is valid:

dx
dt

= uc + ur,
dy
dt

= vc + vr,
dz
dt

= wc + wr. (15)

Here ur, vr, wr are the atomic velocities arising due to the rotation of the molecule
about its center of mass. Taking into account (15), we calculate the coordinates of the nodes
in the second position:

x2 = xn +
∆t
2
(uc1 + ur1), y2 = yn +

∆t
2
(vc1 + vr1), z2 = zn +

∆t
2
(wc1 + wr1). (16)
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The projections of the angular momentum in this position will be as follows:

Kx2 = Kn
x +

∆t
2

Lx1, Ky2 = Kn
y +

∆t
2

Ly1, Kz2 = Kn
z +

∆t
2

Lz1. (17)

Substituting into the left parts of the last relations of representation (6)–(8), we obtain
the values of the projections of the angular momentum in the second position:

Kx2 = A2ωx2 + F2ωy2 + E2ωz2,
Ky2 = F2ωx2 + B2ωy2 + D2ωz2,
Kz2 = E2ωx2 + D2ωy2 + C2ωz2,



 (18)

We obtain a system of three linear algebraic equations for ωx2, ωy2, ωz2 values of
fullerene angular velocity projections in the second position. Now, using relations (13),
we find:

uc2 = un
c +

∆t
2

Uc1, vc2 = vn
c +

∆t
2

Vc1, wc2 = wn
c +

∆t
2

Wc1.

When the projections of the angular velocities in the second position are found and
with the help of (13), the projections of the velocities of the center of mass in the same
position are found, it is possible to determine the coordinates of the nodes in the molecular
structure already in the third position:

x3 = xn +
∆t
2
(uc2 + ur2), y3 = yn +

∆t
2
(vc2 + vr2), z3 = zn +

∆t
2
(wc2 + wr2).

and
ur2 = (z2 − zc2)ωy2 − (y2 − yc2)ωz2,
vr2 = (x2 − xc2)ωz2 − (z2 − zc2)ωx2,
wr2 = (y2 − yc2)ωx2 − (x2 − xc2)ωy2.

Here ur2, vr2, wr2 are the values of the velocity rotational component in an individual
fullerene carbon atom in the second position.

Since new coordinates x3, y3, z3 have been found, it is not difficult to calculate new
values for the projections of the moments of forces and the components of the inertia tensor
from them. As a result, all coefficients in the linear system of algebraic equations will
be determined:

A3ωx3 + F3ωy3 + E3ωz3 = Kn
x +

∆t
2 Lx2,

F3ωx3 + B3ωy3 + D3ωz3 = Kn
y + ∆t

2 Ly2,
E3ωx3 + D3ωy3 + C3ωz3 = Kn

z + ∆t
2 Lz2,





(19)

From the last system, using Cramer’s rule, we find the projections of the angular
velocity of the molecule in the third position of the time step. At the end of the third step,
we must not forget to calculate the projections of the velocities for the center of mass:

uc3 = un
c +

∆t
2

Uc2, vc3 = vn
c +

∆t
2

Vc2, wc3 = wn
c +

∆t
2

Wc2. (20)

When obtaining coordinates and velocities in the fourth position, not ∆t
2 , but a full

time step is used; therefore:

x4 = xn + ∆t(uc3 + ur3), y4 = yn + ∆t(vc3 + vr3), z4 = zn + ∆t(wc3 + wr3).
uc4 = un

c + ∆tUc3, vc4 = vn
c + ∆tVc3, wc4 = wn

c + ∆tWc3.
(21)

Here
ur3 = (z3 − zc3)ωy3 − (y3 − yc3)ωz3,
vr3 = (x3 − xc3)ωz3 − (z3 − zc3)ωx3,
wr3 = (y3 − yc3)ωx3 − (x3 − xc3)ωy3.
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A3ωx4 + F4ωy4 + E4ωz4 = Kn
x + ∆tLx3,

F3ωx4 + B4ωy4 + D4ωz4 = Kn
y + ∆tLy3,

E3ωx4 + D4ωy4 + C4ωz4 = Kn
z + ∆tLz3,



 (22)

Then the coordinate values at the new time step can be found using the formulas:

xn+1 = xn + ∆t
6 [(uc1 + ur1) + 2(uc2 + ur2) + 2(uc3 + ur3) + (uc4 + ur4)],

yn+1 = yn + ∆t
6 [(vc1 + vr1) + 2(vc2 + vr2) + 2(vc3 + vr3) + (vc4 + vr4)],

zn+1 = zn + ∆t
6 [(wc1 + wr1) + 2(wc2 + wr2) + 2(wc3 + wr3) + (wc4 + wr4)].

(23)

Here
ur4 = (z4 − zc4)ωy4 − (y4 − yc4)ωz4,
vr4 = (x4 − xc4)ωz4 − (z4 − zc4)ωx4,
wr4 = (y4 − yc4)ωx4 − (x4 − xc4)ωy4.

The aim of the study is to research the character of fullerene C60 motion in the potential
field of van der Waals forces of a stationary cylindrical nanocontainer. In turn, fullerene
is a free object that has the ability to move inside the container and has kinetic energy.
To check the accuracy of the calculation, we observed the balance of the system total
mechanical energy:

H =
Jω2

2
+

Mv2

2
+

N

∑
i=1

K

∑
k=1

U(ρik) = const, (24)

J = Aα2 + Bβ2 + Cγ2 + 2Dβγ+ 2Eγα+ 2Fαβ, (25)

α =
ωx

ω
, β =

ωy

ω
, γ =

ωz

ω
, ω =

√
ω2

x +ω
2
y +ω

2
z . (26)

Here, J is the moment of inertia relative to the instantaneous axis of rotation; ω is
the instantaneous value of the angular velocity of the fullerene; M is the fullerene mass; v
is the velocity of the center of mass in the fullerene; ρik are the distances between atoms
belonging to different molecules—the fullerene and nanocontainer.

4. Results and Discussion

The nature of the motion of C60 fullerene in a cylindrical stationary carbon nanocon-
tainer with flat rectangular graphene covers was studied by calculation. We followed the
trajectory of the center of mass of the fullerene and the projections of its angular velocities
on the axes of the absolute basis. It should be noted that at small intervals of motion, the
energy exchange between the container body and the fullerene is insignificant. Therefore,
up to a certain point in time, the system can be considered Hamiltonian. However, some
general trends can be identified at this initial stage of development in the process.

The balance of total mechanical energy is shown in Figure 2. It can be seen that the
relative value of the error in calculating the Hamilton function is 5 × 10−4% or 5 × 10−6%
relative units. This is a high accuracy in calculations, if we take into account that multiple
fullerene impacts on the container walls are realized.
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At the initial moment of time, the fullerene is in the center of the container, its center
of mass is at rest and the angular velocity vector had a direction along the container axis:
ω0

x = 0, ω0
y = 0, ω0

z = 100 ns−1. Since this position is not an equilibrium position, the
fullerene begins its movement towards the zones of most probable occurrence. Such zones
are potential wells near the walls of the container.

In order to understand the nature of fullerene motion, the entire calculated time
interval was divided into successive intervals. On the left in each of the figures below, the
projection of the trajectory of the center of mass of the fullerene onto the xy plane is shown
and on the right, onto the xz plane. Both of these flat figures in their totality give some idea
of the spatial character of the fullerene motion. Figure 3 shows the very initial phase of the
buckyball movement.
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Figure 3. Trajectory of the fullerene center of mass (movement time up to 0.2 ns) in a nanotube:(a) in
the xy plane, (b) in the xz plane.

It can be concluded from the figure that the fullerene initially falls almost radially
onto the side surface of the container, i.e., moves to the nearest potential well. Over time,
the action of the end potential well increases and the buckyball, along with radial and
circumferential displacements, acquires speed in the axial direction. If we take into account
the axial projection of the fullerene trajectory (left images in Figures 4–7), we clearly see
fullerene jumps from one position to another. Since the presented mathematical model
already includes an ideally elastic interaction with the container walls, the main element
in the buckyball movement near the barrier and the carbon material is the jump. In other
words, the fullerene in the nanocontainer bounces, like a tennis ball hitting a hard surface.
At the same time, it is not in the field of gravitational influence, but in the field of van der
Waals forces, which have a resulting direction towards the closest walls of the container.

Figure 4 shows motion over a time interval of up to 0.5 ns.
At this time interval, there is a decrease in the height of jumps and an increase in their

frequency. Moreover, the movements of the buckyball are realized in the potential wells of
the side surface of the nanocylinder.

In the next interval from 0.5 ns to 1.0 ns (Figure 5), the motion remained the same, but
a zone of thickening for the trajectories appeared near the top cover of the nanocylinder.

At the time intervals shown in Figures 6 and 7, the nature of the movement changed
somewhat: buckyball jumps began to occur at the end surfaces. Diametrical and almost
diametrical crossings also appeared here, after which there is a transition along the side
surface of the container on the other cover, where the fullerene enters a new end zone
of attraction. In this regard, the most likely areas for the presence of a buckyball in the
container are potential wells near flat covers.
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the xy plane, (b) in the xz plane.
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Figure 7. Trajectory of the fullerene center of mass (movement time from 1.5 to 2 ns) in a nanotube:
(a) in the xy plane, (b) in the xz plane.

In the process of fullerene moving along the admissible positions inside the nanocon-
tainer, a significant change in its kinetic energy components occurs. For example, in
potential wells near the walls, the speed of the center of mass in the buckyball and its
angular velocity noticeably increase. In this case, the fullerene rotation energy changes
abruptly, immediately after approaching the limiting surface of the container and after
approaching; as before, it has a constant value (Figure 8a).
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In other words, the rotational energy is quantized because the angular velocity is
quantized, both in magnitude and in direction. This stepwise transition is realized with
each hit against the wall. The same thing happens with an ordinary ball or a billiard ball
when it interacts with the sides. The graph in Figure 8b shows the periodic nature of the
global change in rotation speed.

5. Conclusions

The developed approach makes it possible to describe, in detail, any fullerene motions,
in particular, its rotations and displacements with multiple impacts against the walls of the
nanocontainer. As a result of these impacts, the energy of rotation changes abruptly. At the
same time, it has constant values between beats. The main way to move the fullerene inside
the container is to jump from one position on the container walls to another. When the
fullerene center enters the potential well and moves predominantly in a direction tangential
to the walls, the height of the jumps decreases and the frequency increases. Potential wells
near the flat covers of the container are the most probable areas for the presence of fullerene,
which is initially located in the center of the container.

The proposed approach for describing the motion of fullerenes is valid for any large
and unchanging molecular structures during the motion. Moreover, it is valid for describing
the rotations of the so-called “solid” bodies. For this, however, it is necessary to have
tabulated values of the axial and centrifugal moments of inertia in the body, previously
found for all possible directions of the coordinate axes.
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Abstract: This study investigates the effect of exchange-correlation on the electronic properties of
hybridized hetero-structured nanomaterials, called single-walled carbon boron nitride nanotubes
(SWCBNNT). A first principles (ab initio) method implemented in Quantum ESPRESSO codes, together
with different parametrizations (local density approximation (LDA) formulated by Perdew Zunga (PZ)
and the generalized gradient approximation (GGA) proposed by Perdew–Burke–Ernzerhof (PBE) and
Perdew–Wang 91 (PW91)), were used in this study. It has been observed that the disappearance of
interface states in the band gap was due to the discontinuity of the π–π bonds in some segments of
SWCNT, which resulted in the asymmetric distribution in the two segments. This work has success-
fully created a band gap in SWCBNNT, where the PBE exchange-correlation functional provides a
well-agreed band gap value of 1.8713 eV. Effects of orbitals on electronic properties have also been
studied elaborately. It has been identified that the Py orbital gives the largest contribution to the elec-
trical properties of our new hybrid SWCBNNT nanostructures. This study may open a new avenue
for tailoring bandgap in the hybrid heterostructured nanomaterials towards practical applications
with next-generation optoelectronic devices, especially in LED nanoscience and nanotechnology.

Keywords: SWCBNNT heterostructures; hybrid system; quantum ESPRESSO; band gap; GGA functionals

1. Introduction

Carbon nanotubes (CNTs) have been evolved as important materials for the advance-
ment of nanoscience and technology [1]. They have received much attention because of their
ability to behave as both metallic and semi-metals depending on the chirality/translation
of carbon atoms arranged in a hexagonal lattice [2]; they can be single-walled (SW) or
multi-walled (MW) structures. They are anisotropic and also exist in three different ge-
ometries as an armchair, zigzag, and chiral. To bring the CNTs to the next-generation
optoelectronic fields or applications, many research approaches comprising theoretical [3],
computational, and experimental [4] ideas are carried out, and they all come up with many
exciting results [5,6]. A wide range of potential applications of CNTs in the field of polymer,
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composites, hydrogen/energy storage, biomedical sciences, field emission dipoles, etc.,
were also reported. Although CNTs show unique structural and physical properties, they
still require further improvement to be used in certain fields of nanotechnology [7]. As a re-
sult, CNTs hetero-structures have become one of the most interesting areas where scientists
are trying to explore novel properties for application purposes. The CNT composites such
as carbon nanotube metal matrix composites (CNT-MMC) are formed to make alloys due to
the CNT’s high tensile strength and electrical conductivity. Copper/carbon nanocomposites
are produced to fill the high demand for copper substitutes [8]. CNT composites are used as
reinforcement and thermal reservoirs. The high demand for semiconductor devices today
has led us to develop the idea of combining SWCNT with a wide gap material such as boron
nitride nanotube (BNNT) to form a CNT–BNNT hetero-structure. The hybrid single-walled
carbon boron nitride nanotube (SWBNNT) has an identical hexagonal structure to that of
a single-walled carbon nitride nanotube (SWCNT). It is worth mentioning that a single-
walled boron nitride nanotube (SWBNNT) is an insulator or wide bandgap semiconductor
with an energy gap of 5–6 eV [9], whereas armchair SWCNT is a conductor in its pure
form [10]. Therefore, the idea of creating a carbon boron nitride nanotube heterostructure
may create an energy band gap in CNT which will reduce its electrical conductivity to
the level of semiconductors. Just like CNTs, the BNNT is thermally and chemically inert,
and is known for its anisotropic behavior [11]. It is an isomorph of graphene [12]. Gener-
ally, armchair SWCNTs are rarely used as pure semiconductors because of compatibility
problems that arose from their hexagonal structure and isotropic nature [13]. SWCNTs are
used as semiconductors when they are fabricated in an impure form, where the intrinsic
impurities result in the creation of a band gap that reduces and/or tries to terminate the
full electrical behavior of the nanotubes. Successful creation of CBNNT hybrid nanotubes
can only be achieved when we use a nanotube of the same structural properties, such as
crystallographic nature (hexagonal structure), anisotropy, piezoelectricity, pyroelectricity,
and biocompatibility. A successful attempt was made to create a band gap in CNT with the
optimized structure of bilayered tin selenide (SnSe) [14] by using the Quantum ESPRESSO
package. Tin selenide (SnSe) has a hexagonal honeycomb structure similar to graphene with
a separation of 1.56 Å between Sn and Se atoms [14–16]. The result was the creation of a
SnSe-CNT semiconductor with a narrow bandgap of 2.56 eV. The Perdew–Burke–Ernzerhof
(PBE) type of generalized gradient approximation (GGA) exchange-correlation was used to
obtain the said result. Following the same strategy, as demonstrated in the literature [17],
we have been motivated to study the electronic band structures for hybrid SWCBNNT
structures. Consequently, in this work, we have implemented the ab initio principles to
calculate the electronic properties of our newly created system of carbon boron nitride
nanotubes (CBNNT) and analyze its potential in the next generation semiconductor appli-
cations. Some of the relevant works on the effect of exchange correlations and band gaps
obtained both theoretically and experimentally are summarized in Table 1.

Table 1. Available studies on band gap in hybrid nanostructures by various methods.

DFT Method Theoretical Results Experimental Results References

DFT-theoretical
Reported the possibility of obtaining band

gap by combining CNT segments and
BNNT segments.

None [18]

DFT-Theoretical

It has been reported that the CNT-BNNT can
be competitive in thermodynamical stability

for sufficiently large segments of building
blocks in the axial direction.

[19]

Non-equilibrium Green’s function
method combined with the density

functional theory

Carbon and boron nitride nanotubes were
obtained with semiconducting properties of
2.2 eV; results predicted that CBNNT could
become potential candidates in the field of

nano rectifiers.

[20]
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Table 1. Cont.

DFT Method Theoretical Results Experimental Results References

Density functional theory and using
basis set 6–31 g (d,p)

Reported the band gap of 1.21 and 2.52 eV
which is close with our results of PW91. [21]

Geometry optimization
implemented in the
CASTEP package

Reported 2.3 eV band gap in hetero
nanotubes with the lowest unoccupied

molecular orbital and the highest occupied
molecular orbital mainly located on the

carbon nanotube section.

[22]

Vienna ab initio simulation package The electrical conductivity of CBNNT is
increased by oxygen absorption. [23]

CVD

2.41 eV band gap was
reported. Recommended

for theoretical and
computational

confirmatory tests.

[24]

VASP code

Reported 1.06 eV band gap, also reported
that the highest occupied and lowest

unoccupied orbital gap of
carbon-boron-nitride hetero nanotubes can

be significantly tuned by modifying the CNT
and BNNT general geometry.

[25]

LDA

Reported 5.6 eV band gap in BNNT.
Furthermore, analysis of the HOMO–LUMO
gap after the adsorption process showed that
the HOMO value increased marginally while
the LUMO value decreased dramatically in

the curcumin-BNNT complexes

[26]

GGA-PBE

Reported 1.83 eV band gap, which agrees
with this current research. Also, reported that
the band gap of the CBNNT system is greatly

influenced by the nanotube aspect ratio.

[27]

GGA-PW91
Reported 2.52 eV band gap, highlighted the

potentials of CBNNT for the next
generation spintronics.

[28]

As can be seen in Table 1, various methods have been used to study CBNNT nanostruc-
tures, and various results have been obtained. In our work, a novel method of inter-tube
coupling (which is the basis of this research) was used (Figure 1). As far as our concern,
our technique was not adopted in any of the previous studies available in the literature. As
such, this work forms a new pathway for tailoring band gap in hybrid heterostructured
nanomaterials for advanced optoelectronic applications.
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2. Computational Methods

This section demonstrates the adopted working methodology that has made possible
the successful implementation of this study. The method shows effectiveness in developing
a new set of processes that could eventually help the relevant researchers for creating
a new band gap in the potential hetero-combination of BNNT-CNT nanostructures. In
this study, a representative model of both (5, 5) armchair SWBNNT and SWCNT was
considered. The local density of state (LDOS), the total density of state (DOS), and the
electronic band’s structure of the armchair form of CBNNT hetero-nanotubes are calculated
within the self-consistent field through solving the Kohn–Sham equation within the DFT in
terms of LDA and GGA functional (a method implemented on Quantum ESPRESSO codes),
this is necessary in order to analyze the effect of the various exchange-correlation functional
on the bands’ alignment of our hetero-system. The Quantum ESPRESSO (an acronym for
open-Source Package for Research in Electronic Structure, Simulation, and Optimization) is
an integrated suite of open-source computer codes for electronic-structure calculations and
materials modeling at the nanoscale. It is based on density-functional theory, plane waves,
and pseudopotentials. It uses first-principles electronic-structure calculations and materials
modeling, distributed for free and as free software under the GNU General Public License.

Calculations are performed on the 2 × 2 × 1 supercell model of (5, 5) SWBNNT
primitive unit cell containing 80 carbon atoms and 16 atoms each of boron and nitrogen,
based on the first principles together with DFT implemented in quantum ESPRESSO
codes. The calculations for the exchange-correlation are performed within the Perdew-
Zunga (PZ) within LDA, Perdew–Burke–Ernzerhof (PBE), and Perdew–Wang 91 (PW91)
of GGA approximations together with the smearing occupations method of integrals. We
have determined the Brillouin zone by using the Monkhorst–Pack scheme with k-grids of
1 × 1 × 4 and an e-cut of 50 Ry.

3. Geometry Optimization

Because of the structural influence of the hybrid SWCBNNT system on the electronic
properties, optimization of the tube geometry was performed prior to the calculation of
the electronic properties. This is achieved with the codes implemented in the nanotubes
modeler and VESTA. The hetero-nanotube was optimized by a new method called inter-
tube coupling (Figure 1) in which the carbon atoms in CNT are coupled with boron and
nitrogen atoms in BNNT.

The studies were conducted on the SWCBNNT system and the inter-tube separa-
tions were chosen as 3.95 Å, 4.80 Å, and 5.29 Å respectively. To ensure accurate results
in this research, the nanotube was appropriately relaxed to appropriate geometries. In
the SWCBNNT, the tube length and the tube height were chosen as 6.23 Å and 4.26 Å,
respectively. The chiral/translation vectors were constructed such that n = 5, m = 5 to ensure
the proper armchair chirality. The results of the relax calculations are listed in Table 2. The
maximum force, stress, and displacements were set at 0.06 eV/Å, 0.06 GPa, and 6 × 10−4 Å,
respectively. The unit cell volume was 6515.67 Å3 with lattice parameters a = 18.68 Å and
c = 9.68 Å. As can be seen from iteration 3, there was zero error in the relax calculations; as
such, the data in iteration 3 were used to obtain a well-converged value of all parameters
used in this research.

Table 2. The geometry of SWCBNNT (5, 5).

Iterations Delta-h Delta-r K-Point (Gamma)
Iterations

a1 a2 a3

0 1.000000 1.000000 1.000000 41 41 0
1 1.7171 × 10−3 7.5733 × 10−2 1.001208 1.001208 1.000000 20 20 0
2 −4.1446 × 10−5 −1.8236 × 10−4 1.001205 1.001205 1.000000 0 0 0
3 0.0000e + 00 0.0000e + 00 1.001205 1.001205 1.000000
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4. Results and Discussion
4.1. Bands Structures of (5, 5) CBNNT under Three Different Exchange-Correlation Functionals

The electronic band structures of the system of (5, 5) armchair single-walled carbon
boron nitride nanotubes (SWCBNNT) hybrid material were studied, and the results are
compared under three different exchange-correlation functional implemented within the
local density approximation (LDA) and the generalized gradient approximation (GGA).
The results obtained with each pseudopotential showed that direct band gaps [29] were
obtained, with LDA-PZ pseudo potential being the lowest of 0.0433 eV at the gamma point.
A considerable improvement of the band gap was obtained when PBE pseudopotential
was used for our calculations. As can be seen in Figures 2b and 3b, a direct band gap of
1.87 eV was achieved with PBE and 0.1886 with PW91 (as presented in Figures 2c and 3c.
The result obtained with PBE is close to the value of 2.00 eV experimental value [30]. This
value of band gap makes the CBNNT behave as a semi-metal with a tunable direct band
gap [31], a property that can be applied in LED, spintronic, electronic, Schottky devices,
and photonics devices with tunable band structures [32].
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Figure 2. Bands structures of (5, 5) SWCBNNT (a) LDA (b) PBE (c) PW91.

Crystals 2022, 12, x FOR PEER REVIEW 6 of 11 
 

 

4.2. Analysis of the Density of States 
To verify more on the findings regarding the bands obtained, analyses were made on 

the density of states and partial density of states for our SWCBNNT hybrid system. As 
can be seen in Figure 3a,b, there are more states in the valence band than in the conduction 
band for bands obtained with PZ and PW91 exchange functional. This is because the total 
energy of the nanotube that contributes to the conduction is lower than the sum of the 
energy which forms the hetero-nanotube. As a result, the total energy of the nanotube 
which contributes to conduction is lower than the sum of the energy which forms the 
hetero-nanotube. Direct bands are obtained because the highest energy of the valence 
band is equal to the lowest energy of the conduction band. It means that they are at the 
same momentum when the transition takes place [34]. Recombination of holes and elec-
tron takes place in order to conserve the momentum energy that is released in the form of 
light, such as LED. A good band can be seen in Figure 3b when PBE exchange functional 
was used. Although the PBE underestimates band gaps, this value is close to the 2.0 eV 
experimental value reported elsewhere [35]. Figure 3b gives the plot information of TDOS 
for (5, 5) SWCBNNT system within the PBE implementation. Zero states can be seen at 
the Fermi level; as such, this region can be considered as the gap calculated to be 1.8713 
eV. Very few states can be seen in Figure 3a,b. There are also more states in the conduction 
band than in the valence band. The three highest peaks can be seen with different states. 
The first one, at −6.109 eV, is due to domination by 1S2 orbital of boron and carbon atoms, 
respectively (refer to Figure 4a,b and Figure 5a,b). The second peak, at −1.709 eV, is due 
to collective contributions by 2S2 orbitals of B, C, and N atoms, respectively [36]. Lower 
occupations are due to partial contributions by S orbitals of all the systems (refer to Figure 
4). The third state occurs at 7.291 eV. This is due to collective dominations by 2Py orbitals 
of B, C, and N atoms. The presence of zero states at zero energy level confirms that the 
band gap had been successfully created by using PBE exchange functional. In the case of 
the PW91 exchange functional, dense states are seen in the valence bands because the total 
energy of interactions is the sum of exchange energy and interaction energy of the nano-
tube which contributes to the conduction band, and that is lower than the sum of the for-
mation energy which forms the hetero-nanotube. 

   
(a)      (b)        (c)  

Figure 3. TDOS for (5, 5) CBNNT systems under three different exchange-correlations of LDA and 
GGA. (a) Effect of LDA; (b) effect of PBE; (c) effect of PW91. 

-10 -5 0
0

10

20

30

40

50

D
en

sit
y 

of
 S

at
es

 (a
.u

)

Energy level (eV)

 (5, 5) CBNNT DOS (LDA)

-5 0 5
0

10

20

30

40

50

D
en

sit
y 

of
 S

ta
te

s (
a.

u)

Energy Levels (eV)

 (5, 5) CBNNT DOS (GGA-PBE)

-10 -5 0
0

10

20

30

40

50

60

D
en

sit
y 

of
 S

ta
te

s (
a.

u)

Energy Levels (eV)

 (5, 5) CBNNT DOS (GGA-PW91)

Figure 3. TDOS for (5, 5) CBNNT systems under three different exchange-correlations of LDA and
GGA. (a) Effect of LDA; (b) effect of PBE; (c) effect of PW91.

The effect of each pseudopotential is summarized in Table 3. It can be seen that
different total energies were achieved by various exchange-correlation functional; for
example, the total energy was −12.99 Ry with PZ functional. This gives a Fermi energy

37



Crystals 2022, 12, 394

of −8.16 eV in 72 self-consistent fields (SCF) iterations. However, different total energy
and Fermi energy were obtained by PBE functional, although the SCF calculation was
achieved in the same 72 iterations. In the case of PW91, the total energy achieved was
−1314.24 Ry (i.e., Rydberg unit of energy) and the Fermi energy was −8.00 eV. Since
the highest band gap was achieved with PBE exchange functional, we consider it as the
optimum parameter of the generalized gradient approximation in solving the exchange-
correlation problem, because it is reported in previous studies that the PBE is faster than
the other exchange-correlation [33].

Table 3. The effect of exchange-correlation in the Fermi energy.

S/No Pseudopotential Total Energy
Achieved (Ry)

The Calculated
Band Gap (eV) SCF Iterations

1 LDA −1299.17 0.043 72
2 PBE −1444.79 1.87 72
3 PW91 −1314.23 0.19 74

4.2. Analysis of the Density of States

To verify more on the findings regarding the bands obtained, analyses were made on
the density of states and partial density of states for our SWCBNNT hybrid system. As can
be seen in Figure 3a,b, there are more states in the valence band than in the conduction band
for bands obtained with PZ and PW91 exchange functional. This is because the total energy
of the nanotube that contributes to the conduction is lower than the sum of the energy which
forms the hetero-nanotube. As a result, the total energy of the nanotube which contributes
to conduction is lower than the sum of the energy which forms the hetero-nanotube. Direct
bands are obtained because the highest energy of the valence band is equal to the lowest
energy of the conduction band. It means that they are at the same momentum when the
transition takes place [34]. Recombination of holes and electron takes place in order to
conserve the momentum energy that is released in the form of light, such as LED. A good
band can be seen in Figure 3b when PBE exchange functional was used. Although the PBE
underestimates band gaps, this value is close to the 2.0 eV experimental value reported
elsewhere [35]. Figure 3b gives the plot information of TDOS for (5, 5) SWCBNNT system
within the PBE implementation. Zero states can be seen at the Fermi level; as such, this
region can be considered as the gap calculated to be 1.8713 eV. Very few states can be seen
in Figure 3a,b. There are also more states in the conduction band than in the valence band.
The three highest peaks can be seen with different states. The first one, at −6.109 eV, is due
to domination by 1S2 orbital of boron and carbon atoms, respectively (refer to Figures 4a,b
and 5a,b). The second peak, at −1.709 eV, is due to collective contributions by 2S2 orbitals
of B, C, and N atoms, respectively [36]. Lower occupations are due to partial contributions
by S orbitals of all the systems (refer to Figure 4). The third state occurs at 7.291 eV. This is
due to collective dominations by 2Py orbitals of B, C, and N atoms. The presence of zero
states at zero energy level confirms that the band gap had been successfully created by
using PBE exchange functional. In the case of the PW91 exchange functional, dense states
are seen in the valence bands because the total energy of interactions is the sum of exchange
energy and interaction energy of the nanotube which contributes to the conduction band,
and that is lower than the sum of the formation energy which forms the hetero-nanotube.
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Figure 4. PDOS of (5, 5) CBNNT system under GGA-PBE. (a) Boron atom (b) carbon atom (c) Nitro-
gen atom.
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Figure 5. S orbital contribution to electrical properties of (5, 5) CBNNT system. (a) Boron atom
(b) carbon atom (c) Nitrogen atom.

4.3. Partial Density of States for the (5, 5) CBNNT System

These studies of PDOS are limited to the results implemented with LDA and PBE
exchange functional. The individual orbital’s contributions and effect on the hybridized
SWCBNNT system were studied. The SWCBNNT semiconductor created in this work is
only a hybrid of S and P orbitals. Moreover, all the constituent elements belonging to the same
group IV in the periodic table with only carbon, among them, can form a covalent bond to itself
with electron mobility of 15,000 cm2/Vs in the graphene lattice [37]. The studies of PDOS
therefore may help to understand the electrical mobility of our semiconductor system.
Figure 6 shows that Py orbital generally determines the band gap of our SWCBNNT
hybrid system because it gives the largest contribution in all the constituent elements.
However, our investigation revealed that Px orbital provided the smallest contribution to
the conduction process. This is because they are considered frozen and form some part
of the nucleus. They are also always filled with both up and down spins, hence requiring
more energy of excitation [38]. The Pz orbitals are partially occupied with less probability
of finding the electron. For example, the Pz orbital of carbon is having zero electrons;
hence, will have to make a little contribution by interaction with one of the 2S electrons.
The interaction between each Pz orbitals among the carbon atoms is due to the result of
the π-bonding. Therefore, the electrical mobility across the Fermi energy is mainly by the
carbon atoms in the carbon nanotube lattice. This can be justified from Figure 3, which
shows that the Pz orbital of carbon contributes more than the Pz orbitals of boron and
nitrogen atoms.
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Figure 6. (a) Py contributions for B, C, and N, respectively; (b) S contributions for B, C, and N,
respectively.

There is a little contribution by the S orbital of carbon because of its interaction
with carbon Pz orbitals. The S orbitals of other elements can be seen to make almost no
contributions. To justify this claim, the PDOS and LDOS of Figure 5 can be seen to overlap,
which means that the local density of states is the contribution of the S orbital.

4.4. Effects of Py and S Orbitals in the Semiconductivity of (5, 5) CBNNT

To report which of the Py orbitals takes more of the electronic properties of our system,
we analyzed the results shown in Figure 6. This figure reveals that the Py orbital of carbon in
SWCNT provides more dominations than the Py orbitals of boron and nitrogen in SWBNNT.
Therefore, it can be inferred that Py orbitals of carbon contribute to narrowing the wider
gap made by boron nitride nanotubes, which pave the way for semiconductivity. The
results of this work agreed closely with previous findings from different methods. For
example, ref. [18] reported that it is possible to obtain a new set of semiconducting hetero
nanotubes by interfacing layers of CNT and BNNT. This has been possible in this work.
The 1.8 eV band gap reported by [27] agrees with the result of 1.8713 eV obtained with the
same PBE in this work. Moreover, the reported value of 1.21 by [21] is approximately close
to the obtained 0.8 eV in this work with the same PW91.

Figure 6a illustrates the individual py contributions by each of the constituent elements,
although they all belong to the same group in the periodic table [39]. They differ in the
contribution to the conduction process by each of their p-orbitals, which arises due to
different occupations by pz orbital [40]. For example, the pz orbital for element boron
contributes to the electronic configuration 1S2 2S2 2Px

1 2Py
0 2Pz

0. As can be seen, the py

orbital of boron contributes less because it has zero electrons. In the case of carbon with
an electronic configuration of 1S2 2S2 2Px

1 2Py
1 2Pz

0, it can be seen that the py orbital of
carbon is occupied by one electron, hence making a higher contribution than boron. This
can be seen in Figure 6b. All the S’ orbitals (Figure 6b) are found to make a very negligible
contribution to the conduction process because they are considered frozen and form some
part of the nucleus [41–46]. They are also always filled with both up and down spins, hence
requiring more energy of excitation similar to px orbital.

5. Conclusions

In this study, the electronic structure of the hybridized armchair form of SWCBNNT
was calculated based on the first principles method. This study successfully created a band
gap under three different parameterizations of LDA and GGA using the density functional
theory which is implemented in Quantum ESPRESSO code. In each case, the armchair
configurations of carbon nanotubes and boron nitride nanotubes were chosen to form
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coupled carbon–boron–nitride nanotubes via a new method of inter-tube coupling. The
chirality of all systems was chosen to be that of (5, 5) armchair tube. It was found that the
band structure of our (5, 5) SWCBNNT is straightforward, and can be applied in the next-
generation optoelectronic devices such as LED. The band gap of the hybrid SWCBBNNT
system is seen to greatly depend on the orbital contributions to atomic interactions in which
the py orbitals of carbon in SWCNT accounted for the electronic properties of the CBNNT
hetero nanotubes material. This is because other px and pz orbitals are considered to
form some part of the nucleus which provide effective repulsion; hence, valence states are
orthogonal to the core nuclear states and are considered frozen. Although the band gap of
1.8 eV has been recorded with PBE, it is well known that both LDA and GGA underestimate
the band gap. This result, therefore, can be improved by using hybrid functions such
as the GW functionals. The calculation of these band structures may hopefully lead to
the addition of new knowledge in the literature, and then serve as a reference for further
research on CBNNT heterostructures.
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Abstract: This work is devoted to modeling the dynamics of large molecules. The key issue in
modeling the dynamics of real molecular systems is to correctly represent the temperature of the
system using the available theoretical tools. In most works on molecular dynamics, vibrations of
atoms inside a molecule are modeled with enviable persistence, which has nothing to do with physical
temperature. These vibrations represent the energy internal to the molecule. Therefore, it should
not be present in problems in the dynamics of inert molecular systems. In this work, by means of
classical mechanics, it is shown that the simplest system containing only three molecular bodies,
due to multiple acts of pair interactions of these bodies, reproduces the temperature even in an
extremely complex unstable motion of the system. However, at the same time, it is necessary to
separate the stochastic part of the movement from the deterministic one. Calculations also show that
translational fluctuations in the motion of molecules make the greatest contribution to temperature.
The contribution of rotational energy to the total energy of fluctuation motions is small. It follows from
these results that the thermal state of the system is determined only by the translational temperature.
The latter, in turn, opens up possibilities for a simplified description of many complex systems
composed of carbon molecules such as fullerenes and nanotori.

Keywords: molecular dynamics; mathematical modeling; nanomaterials; nanotori; fullerene; CNT;
carbon nanotube; C60

1. Introduction

The study of complex movements of carbon molecules in molecular systems is im-
portant for the development of nanorobotics. Such equipment can perform a wide range
of functions in long-term space flight conditions. This technique is already being used in
a number of medical applications. Typical fragments of molecular structures are carbon
nanotori and fullerenes since they have a rigid framework structure. Previous reports [1–5]
are devoted to the study of the properties of molecular complexes containing standard
fullerenes. These studies found that C60 fullerenes can effectively increase the mechanical
strength of SWNTs, by acting as a “barrier” to prevent radial deformation and as an inner
wall in a double-walled carbon nanotube, as well as the study of the current–voltage char-
acteristics of a system consisting of fullerene and two-carbon nanotubes. Ref. [6] analyzed
the interaction of fullerenes with a graphene ribbon accessible to a groove. Based on this
interaction, an oscillator was developed. Ref. [7] investigated the transfer of electrons
through a carbon molecular transition, a transition from C60 molecules attached to a metal
concentrate CNT, leading to a coherent regime. It has been shown that the number of
contact points between electrodes and a molecule can play an important role in electric
transport. Ref. [8] analyzed the features of the interaction of C60 with graphite. This article
explores the various mechanisms by which C60 can be encapsulated in SWNT. Ref. [9],
using molecular dynamics simulations, showed that an electric field applied to a @C60
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ion inside a water-filled carbon nanotube can pump water with excellent efficiency. A
fully controlled nanoelectromechanical device capable of pumping liquids at the nanoscale
is proposed. Ref. [10] studied the interaction of a fullerene with a CNT beam. Based on
this study, a change in the oscillation frequency is shown depending on the geometric
parameters. Ref. [11] developed a multiscale method for predicting the Young’s modulus
of polymer nanocomposites reinforced with fullerenes (FRPN) and proposed a polymer
nanocomposite with a poly(methyl methacrylate) matrix and reinforcing elements in the
form of C60. In the study by [12], by analyzing the changes in intermediates and products
formed during thermal conversion, the main dependence of the pyrolysis and graphitiza-
tion of fullerenes on temperature and carbon sources was revealed. It has been found that a
higher temperature significantly accelerates the pyrolysis of fullerenes and produces a huge
variety of porous carbon products. Ref. [13] studied the possible formation of methane
hydrate containing 8, 10, 12, 14, 16, 18, and 20 water molecules into fullerene C240 was
studied for the first time. After placing a methane molecule in a fullerene containing 20
water molecules, the closed water molecules formed an almost complete dodecahedron
shape, and the methane molecule ended up in the center of the dodecahedron. This is
the most ordered polygonal structure of methane clathrate, formed into C240 fullerene,
which is more stable than other clathrate structures. Ref. [14] studied the mechanical and
thermodynamic properties of cis-PI-fullerene (C60) composites and achieved the simulation
of coarse-grained molecular dynamics (MD) of cis-PI-C60 composites with different concen-
trations of fullerenes. It was found that the density, bulk modulus, thermal expansion, heat
capacity and Tg of NR composites increase with increasing C60 concentration. The presence
of C60 led to a slight increase in the interterminal distance and the radius of rotation of the
cis-PI chains. The contribution of C60 and cis-PI interfacial interactions led to an increase
in the bulk moduli of the composites. Ref. [15] studied how the soot core is exposed to
polycyclic aromatic hydrocarbons and then grows due to the condensation of polycyclic
aromatic hydrocarbons. A nonbonding interaction between polycyclic aromatic hydro-
carbons and carbon black has been studied using the distribution of free energy during
dimerization and condensation. Ref. [16] are also using molecular dynamics simulations to
evaluate the electrical interactions of fullerenes with ions contained in water. The results
indicate a smaller chemical shift δ(13C) and a more intense electronic transition band for
fully polarized C60 in solution. In [17–21], studies of fullerenes and carbon nanotori by
molecular dynamics methods are presented. Extensive results of computational molecular
dynamics of various structures were obtained, and interaction potentials and mathematical
models were developed.

In the present work, the state of the nanothory system and two fullerenes inside are
studied via molecular dynamics methods. It is quite possible to call such a system compact,
since molecular objects are together for an arbitrarily long time. The purpose of this work
is to define the molecular temperature as an average stochastic characteristic determined
by multiple impacts of fullerenes on a nanotorus. The existence of such a temperature
indicates the presence of dynamic equilibrium in the system.

2. Computational and Theoretical Models

Models of the dynamics of large molecules are used in the work. This means that
individual fragments of the molecular system move as non-deformable molecular shells,
interacting with each other and, perhaps, with external electromagnetic fields. At the same
time, the interaction of two molecular objects with each other is the total result of the
interaction of each atom of one molecular body with all atoms of another. There are three
molecular bodies in the case under consideration: a nanotorus and two fullerenes. The
rotational motion of each of these bodies can be described using vector equations for a
change in the kinetic moment (moment of momentum) for each of these bodies:

dK1

dt
= L1,

dK2

dt
= L2,

dK3

dt
= L3. (1)
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where K1, K2, K3 are the kinetic moments of individual bodies; L1,L2,L3—moments of
forces acting on this body from the remaining two molecular bodies. In this case, due to
the pairing of van der Waals interactions and the absence of external forces:

L1 + L2 + L3 = 0. (2)

Then, the combination of Equation (1) can be written as follows:

d
dt
(K1 + K2 + K3) = 0. (3)

From (3), we find by integration:

K1 + K2 + K3 = C, (4)

Here, C is a vector constant. Thus, if no external forces act on a molecular system, then
its total angular momentum retains its value both in magnitude and direction.

The angular momentum of the first molecular body Kj is the product of the tensor of
inertia Ĵj, and the column vector of the instantaneous angular velocity of this body ωj:

K1 = Ĵjωj. (j = 1, 2, 3). (5)

Further omitting the index that determines the particular body for the tensor of inertia,
the following can be written:

Ĵ =




m∑
(
y2

i + z2
i
)

−m∑ xiyi −m∑ xizi
−m∑ yixi m∑

(
x2

i + z2
i
)

−m∑ yizi
−m∑ xizi −m∑ yizi m∑

(
x2

i + y2
i
)


. (6)

where the summation is over the number of atoms that make up the molecule; xi,yi,zi are
the coordinates of the i-th atom; m is the mass of the carbon atom. Thus, the components
of the inertia tensor of a molecular body are the summation (over the entire number of
atoms) of the quadratic functions of the coordinates of the individual atoms that make up
the molecule under consideration. The coordinates of all nodes of the molecular body are
calculated using the following formula:

dri
dt

= ω × ri + vc
(
i = 1, N

)
. (7)

where ri = (xi,yi,zi); N is the number of atoms that make up the molecular body; ω is the
instantaneous angular velocity vector of the considered molecule; vc is the velocity of the
center of mass of this molecule. The last relation expresses the theorem of the addition
of velocities in the complex motion of a material point, namely, together with the center
of mass and around it. For the velocities of the centers of mass of all molecular bodies
participating in the interaction, the equations of motion of their centers of mass are valid:

F1 = M1
dvc1

dt
, F2 = M2

dvc2

dt
, F3 = M3

dvc3

dt
. (8)

where M1 is the nanotorus mass, M2, M3 are the fullerene masses, F1 is the sum of all forces
acting on the nanotori atoms from the fullerene atoms; F2 and F3 are the total forces of
action on the fullerene under consideration from the nanotori and the remaining fullerene.
As can be seen from the written relations, the center of mass of the molecule will move
at a speed noticeably lower than that of fullerenes since its mass is much greater. In
this case, each atom–atom interaction between nodes belonging to different molecular
bodies is determined by the gradient of the interaction potential used. The origin of
coordinates is chosen at the center of mass of the system. In this case, the components of
the tensor of inertia will be calculated by Equation (6) and will be functions of time. The
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new position of the molecular body in space will be determined by the coordinates of all its
points, i.e., coordinates of carbon atoms. If the molecular body is large, then the number of
calculated coordinates can be reduced by collecting atoms at the center of mass of some
representative fragment. As can be seen from the above description, there is no need to
use the Euler angles, as well as the Euler kinematic relations, which have a coordinate
singularity. All calculations were carried out according to the Runge–Kutta scheme [22] of
the fourth order of accuracy with a constant time step ∆t = 10−6 ns. The accuracy of the
calculations was checked by performing the balance of the total energy of the system and
amounted to 10−8 relative units. The calculated kinetic energy was related to the initial
potential energy of the interaction of molecular bodies. The LJ potential of atom–atom
interactions was used in the calculations. This is a classical potential: attraction–repulsion,
which has two parameters of interaction: ε is the depth of the potential well, and σ is the
radius of influence of the interaction. Leaving σ unchanged (0.34 nm for carbon atoms),
we select the depth of the potential well in such a way that the vibration energy of the
bodies participating in the movement corresponds to a certain temperature, in this case,
room temperature T = 300 K (ε/k = 5.1 K, where k is Boltzmann constant). The vibrations
of carbon atoms in the molecular bodies under consideration must correspond to this
temperature. In this case, however, due to the small mass of atoms and strong C-C bonds,
they have a higher frequency and a significantly lower amplitude. Their inclusion in the
consideration does not affect the nature of movements on larger scales. Therefore, they
remain small-scale and high-frequency, forming the background against which larger-scale
molecular events unfold.

3. Results

For solving the system of such equations, step-by-step integration schemes of the
Runge–Kutta class of the fourth order with a constant time step ∆t = 10−7 ns are used. All
calculations were carried out using the software developed by the authors according to the
scheme proposed in this work for determining the rotations of molecular bodies in space.

Figure 1 presents the case of rotation of the torus with an initial angular velocity
of ω0

x = 150 ns−1, ω0
y = ω0

z = 0. In this case, the fullerenes are located diametrically
opposite on the (oy) axis and are fixed on the axial circumference of the torus. The red line
in this figure is the trajectory of one of the peripheral carbon atoms that does not lie on
the (ox) axis and has a y-coordinate value close to the outer radius of the torus. This line
demonstrates somersaults of the considered molecular structure during its rotation around
an axis with an intermediate moment of inertia (oy axis), i.e., demonstrates the instability of
Louis Poinsot [23–25]. The (oz) axis is directed perpendicular to the initial position of the
torus plane. In what follows, the motion of the molecular structure under consideration is
analyzed in the absolute frame of reference thus introduced.

In addition, in this article, the rotation of a tor-fullerene molecular system is considered.
Thus, we compare the case of fullerenes having internal freedom with the case of fullerenes
maximally separated and fixed inside the torus. The nanotorus is composed of 2000 carbon
atoms and has an inner radius R1 = 0.3 nm, R2 = 1.9 nm (Figure 2). It contains standard
C60 fullerenes. In all variants, the fullerenes are maximally spaced at the initial moment,
and the rotation is carried out around an axis lying in the plane of the torus and passing
perpendicular to the straight line connecting the centers of mass of the fullerenes. In the case
of loose fullerenes, the rotation of the system around an axis with an intermediate moment
of inertia forms orbital displacements of fullerenes along the axis of the nanotorus channel.

The data are reduced to a moving frame of reference with coordinate axes lying in the
rotating plane of the torus. It turned out that somersaults of the torus induce reciprocating
movements of fullerenes along the curvilinear axis of the torus. Moreover, the center
of such oscillations shifts in a certain direction. The direction of axial displacement of
buckyballs is determined by the right hand rule. If the vector of the initial angular velocity
of the molecular structure enters the palm of the right hand, and the moved thumb is
perpendicular to the plane of the torus and points to the vector of its angular rotation, and
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then the index finger shows in which direction the fullerenes move. The red line in the
center of Figure 2 shows the trajectory of the center of mass of the nanotorus in this case.
The center of mass of the torus is displaced due to the movement of fullerenes; however,
the center of mass of the entire torus–fullerene structure remains immobile. The case of
the rotation of such a system, which has some freedom of movement for fullerenes inside
the torus, demonstrates one of the options for the transition of the rotational motion of the
system into the translational motion of fullerenes along the circle, which is the axial line
of the torus channel. It should be noted that in this case, fullerenes receive rotations in
intensity significantly exceeding their initial values. These metamorphoses are associated
with a decrease in the rotational energy of the frame body, which has a significantly larger
mass than fullerenes. These peculiarities of motion are associated with a decrease in the
rotational energy of the frame body, which has a much larger mass than fullerenes. The
nature of the angular vibrations of fullerenes is shown in Figure 3.

Figure 1. Unstable rotation of a tor-fullerene molecular structure. The red line shows the trajectory of
one of the nanotorus atoms.

Figure 2. Orbital motion of fullerenes. In the center of the figure, the trajectory of the center of mass
of the nanotorus; inside the torus, the trajectory of the centers of mass of fullerenes.
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Figure 3. Projections of the angular velocities of fullerenes. (a)—the case of "frozen" fullerenes.
(b)—case of free fullerenes.

Figure 3 shows that the frequencies of angular vibrations of fullerenes are at least
3 times higher than the main frequency of rotation of the body part of the molecular
struc-ture. Next, we compare two variants of calculations of the motion of the molecular
struc-ture under consideration. Figure 3a refers to the case of pinned fullerenes. Figure 3b
variant, fullerenes can move freely in the accessible zones of the inner space of the torus.

Figures 4–6 show the projections of the angular velocities of the torus in these cases.
It can be seen that the rotation of a single structure is periodic at the beginning of the
movement. In the second case, some quasi-periodic motion is established on a time interval
of 1 ns. Figure 4 shows what part of the initial rotational energy of the torus is converted
into the kinetic energy of fullerenes. As can be seen from Figures 4 and 6, in the case of
“frozen” fullerenes, one can clearly distinguish bi-oscillations, which are determined by
the presence of two frequencies—the initial frequency of rotations of the system and the
frequency of somersaults by V. Dzhanibekov [26].

Figure 4. Comparison of rotations of two systems with free and “frozen” fullerenes.

Figure 5. Change in time of the y-component of the angular velocity of the nanotorus.
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Figure 6. Distribution of the z-component of the angular velocity of the nanotorus.

Figure 7 shows the total angular frequency modulus of the nanotorus with “frozen”
fullerene. The highest peaks on this graph show “Dzhanibekov flips”, and the time between
peaks is the period with which these somersaults are made.

Figure 7. Module of angular velocity of nanotorus with “frozen” fullerene.

Since the inertial rotation of the molecular system is considered, the vector of the
angular momentum of the entire system K remains constant during the entire time of
motion. There is a non-moving plane perpendicular to this vector, where in the case
of one body, the vector of the instantaneous angular velocity of this body will draw a
complete picture of the motion instability. This plane is called the Poinsot plane, and the
trajectory of the end of the instantaneous angular velocity vector on this plane is called
the herpoloid [23]. In the case of several bodies (a torus plus two fullerenes), the Poinsot
plane also exists, but the end of the angular velocity vector of any of the existing bodies
will not slide along this plane. Nevertheless, the behavior of the projection onto this plane
of the vector of the instantaneous angular velocity of the frame body is of interest, i.e., the
molecular torus, as a body having a significantly larger mass in comparison with other
structural elements.

Figure 8 shows the trajectory of the end of the instantaneous angular velocity vector
of a nanotori with fullerenes “frozen” into it. As can be seen from the presented figure, the
herpoid in this case is a fairly smooth curve. The general view of the drawing resembles a
bud of an unopened flower. The herpoid of a single body with different values of the axial
moments of inertia is always a petal structure. It is just that with such a slight difference
in the moments of inertia, as in the case under consideration, the petals in the bud are too
wide and they are tightly packed. With a more significant difference in the axial moments
of inertia, a chamomile herpoid design can be obtained. In any case, if the molecular body
is uniform, then the end of the vector of its instantaneous angular velocity moves step by
step in one direction along the herpoloid.
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Figure 8. Herpoloid torus with “frozen” fullerenes.

Figure 9 shows what happens to the herpolody when fullerenes are able to move
inside the torus space. The motion along the herpoid takes on a reciprocating character,
although globally, it remains unidirectional. The kinks on the herpoid are associated with
the reciprocating motion of fullerenes inside the torus.

Figure 9. Herpoid composite molecular structure with freely moving fullerenes.
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4. Discussion

Despite the fact that the case described by Louis Poinsot is an example of the instability
of motion, it is characterized by a regular rotation of a molecular object with strictly periodic
flips around the axis with a minimum moment of inertia. Such movement can rightly be
attributed to the class of deterministic processes. Calculations show that the interactions of
two molecular objects already lead to the appearance of irregular oscillations in this simplest
system. All this is a sign of the manifestation of stochastic properties. The two fullerenes
considered in this paper inside the nanotorus have random angular rotations, as well
as random approaches of fullerenes to the wall. However, under the conditions of the
considered problem, the transversal displacements of fullerenes inside the torus turned out
to be deterministic. To determine the direction of these movements, the authors adapted
the right hand rule. It is known that somersaults of an object rotating by inertia have
a certain direction of flips. These flips generate displacements of fullerenes in a strictly
defined direction along the axial circumference of the torus. However, these movements
are defined only in a global sense, since they have a local reciprocating character. Thus,
the system demonstrates stochastic properties all the time of movement. Even fullerenes
of small mass create disturbances that greatly loosen the motion of the nanotorus. In
this regard, the instantaneous axis of rotation of the nanotorus ceases to smoothly and
monotonously change its direction in space. The motion of the entire system becomes
largely stochastic. However, it is still possible to single out a deterministic part of it. In this
regard, the method of comparing the main variant with the motion of a torus with “frozen”
fullerenes turned out to be useful. This case made it possible to isolate the second frequency
in the oscillations of the nanotorus due to its flips around the axis with the minimum value
of the moment of inertia. Thus, the temperature of a system consisting of a small number
of bodies is considered from a not quite classical angle. The molecular dynamics of a very
interesting system consisting of fullerenes were also considered. Despite the fact that both
nanotori and fullerenes themselves are of great scientific interest and are being studied
quite closely [26,27], and similar container-like nanostructures are already proposed for
use [28,29], even the theoretical side of these issues has not been fully studied. In this case,
any of the found effects or mechanisms can form the basis of various technologies.

5. Conclusions

The interaction of a large nanotorus molecule with a standard C60 fullerene, which
makes up only 3% of the mass of the body of the torus, leads to the appearance of thermal
motions of both the nanotorus itself and the fullerene contained in it. Moreover, the average
values of the energies of random displacements distributed over the six degrees of freedom
of each of the molecular bodies are extremely close. This indicates a rapidly emerging
equilibrium in the system. In the case of a nanotorus plus two fullerenes considered here,
due to multiple impacts on the inner wall of the nanotorus, the equality of the energies
of rotational fluctuation displacements of fullerenes with the energy of their translational
fluctuations occurs, which ultimately ensures the equality of rotational and vibrational
temperatures. The foregoing makes it possible to conclude that there is a single temperature
in the system due to the movement of molecular bodies.

Author Contributions: Data curation, V.B.; funding acquisition, M.B.; investigation, A.B.; method-
ology, M.B., A.B., S.A. and A.A.; project administration, M.B.; resources, M.B.; software, D.M.;
supervision, M.B.; validation, A.B.; visualization, D.M.; writing—original draft, D.M. and A.A.;
writing—review and editing, A.B. and S.A. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by presidential grant MD 4273.2022.1.1.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

52



Crystals 2023, 13, 181

References
1. Wu, C.-D.; Fang, T.-H.; Chan, C.-Y. A molecular dynamics simulation of the mechanical characteristics of a C60-filled carbon

nanotube under nanoindentation using various carbon nanotube tips. Carbon 2011, 49, 2053–2061. [CrossRef]
2. Tu, G.-Y.; Guo, D.-P.; Li, B.-R.; Zhang, H.-L. Transport properties and mechanism of C60 coupled to carbon nanotube electrode.

Phys. B Condens. Matter 2011, 406, 2138–2142. [CrossRef]
3. Kang, J.W.; Hwang, H.J. Comparison of C60 encapsulations into carbon and boron nitride nanotubes. J. Phys. Condens. Matter

2004, 16, 3901. [CrossRef]
4. Shokri, A.; Nikzad, S. Electrical transport properties of a CNT/C60/CNT hybrid junction with closed end CNT leads using

Green’s function method. Eur. Phys. J. B 2013, 86, 22. [CrossRef]
5. Zhou, L.; Zhu, B.E.; Pan, Z.Y.; Wang, Y.X.; Zhu, J. Reduction of the buckling strength of carbon nanotubes resulting from

encapsulation of C60 fullerenes. Nanotechnology 2007, 18, 275709. [CrossRef]
6. Kang, J.W.; Lee, K.W. Molecular dynamics study on the C60 oscillator in a graphene nanoribbon trench. J. Korean Phys. Soc. 2014,

65, 185–189. [CrossRef]
7. Shokri, A.A.; Nikzad, S. Topology effects of interface and gate voltage on electrical transport through the CNT/C60/CNT junction

using the Green’s function method. J. Appl. Phys. 2011, 110, 024303. [CrossRef]
8. Ulbricht, H.; Moos, G.; Hertel, T. Interaction ofC60with Carbon Nanotubes and Graphite. Phys. Rev. Lett. 2003, 90, 095501.

[CrossRef]
9. Farimani, A.B.; Heiranian, M.; Aluru, N.R. Nano-electro-mechanical pump: Giant pumping of water in carbon nanotubes. Sci.

Rep. 2016, 6, 26211. [CrossRef]
10. Ansari, R.; Sadeghi, F.; Alipour, A. Oscillation of C60 Fullerene in Carbon Nanotube Bundles. J. Vib. Acoust. 2013, 135, 051009.

[CrossRef]
11. Izadi, R.; Nayebi, A.; Ghavanloo, E. Combined molecular dynamics–micromechanics methods to predict Young’s modulus of

fullerene-reinforced polymer composites. Eur. Phys. J. Plus 2021, 136, 816. [CrossRef]
12. Li, S.; Bian, F.; Meng, X.; Zhai, D.; Yang, H.; Qin, G. Ring structure characterization of nanoporous carbon materials prepared by

thermal conversion of fullerenes: Insights from ReaxFF molecular dynamics simulations. Carbon 2021, 189, 484–492. [CrossRef]
13. Abbaspour, M.; Akbarzadeh, H.; Salemi, S.; Tahami, S.F. Formation of methane clathrates into fullerene: A molecular dynamics

study. J. Mol. Liq. 2022, 367, 120587. [CrossRef]
14. Kitjanon, J.; Khuntawee, W.; Phongphanphanee, S.; Sutthibutpong, T.; Chattham, N.; Karttunen, M.; Wong-Ekkabut, J. Nanocom-

posite of Fullerenes and Natural Rubbers: MARTINI Force Field Molecular Dynamics Simulations. Polymers 2021, 13, 4044.
[CrossRef] [PubMed]

15. Yuan, H.; Kong, W.; Xia, J. Steered molecular dynamics and stability analysis on PAH dimerisation and condensation on fullerene
and soot surfaces. Phys. Chem. Chem. Phys. 2021, 23, 19590–19601. [CrossRef] [PubMed]

16. Cardoso, W.B.; Colherinhas, G. Fullerene C60 spectroscopy in [BMIM][PF6] ionic liquid: Molecular dynamics study using
polarization effects. J. Mol. Struct. 2021, 1250, 131887. [CrossRef]

17. Lun-Fu, A.V.; Bubenchikov, A.M.; Ovchinnikov, V.A. Numerical study of rotational dynamics of carbon nanotori during
intermolecular interaction. J. Phys. Conf. Ser. 2022, 2211, 012004. [CrossRef]

18. Lun-Fu, A.; Bubenchikov, M.; Bubenchikov, A.; Mamontov, D.; Borodin, V. Interaction of molecular tori in columnar structures.
J. Phys. Condens. Matter 2022, 34, 125101. [CrossRef]

19. Bubenchikov, M.; Mamontov, D.; Ovchinnikov, V. Studying the possibility of using fullerenes inside carbon nanotubes as a
molecular engine. J. Phys. Conf. Ser. 2022, 2211, 012005. [CrossRef]

20. Bubenchikov, A.M.; Bubenchikov, M.A.; Mamontov, D.V.; Chelnokova, A.S.; Chumakova, S.P. Movement of fullerenes and their
dimers inside carbon nanotubes. Full- Nanotub. Carbon Nanostruct. 2021, 29, 803–809. [CrossRef]

21. Bubenchikov, A.M.; Bubenchikov, M.A.; Mamontov, D.V.; Kaparulin, D.S.; Lun-Fu, A.V. Dynamic state of columnar structures
formed on the basis of carbon nanotori. Full- Nanotub. Carbon Nanostruct. 2021, 29, 825–831. [CrossRef]

22. Runge, C. Ueber die numerische Auflösung von Differentialgleichungen. Math. Ann. 1895, 46, 167–178. [CrossRef]
23. Poinsot, L. Theéorie Nouvelle De La Rotation Des Corps; Bachelier: Paris, France, 1834; Volume 1834, pp. 1777–1859.
24. Levi, M. Classical Mechanics with Calculus of Variations, and Optimal Control: An Intuitive Introduction. Am. Math. Soc. 2014,

69, 1470414449. [CrossRef]
25. Trivisonno, N.; Garelli, L.; Storti, M. The Tennis Racket Theorem, an Analysis of the Intermediate Axis Theorem. Mecánica Comput.

2021, 38, 1341–1353.
26. Sarapat, P.; Hill, J.M.; Baowan, D. A Review of Geometry, Construction and Modelling for Carbon Nanotori. Appl. Sci. 2019,

9, 2301. [CrossRef]
27. Shi, J.; Wang, B.; Wang, L.; Lu, T.; Fu, Y.; Zhang, H.; Zhang, Z. Fullerene (C60)-based tumor-targeting nanoparticles with “off-on”

state for enhanced treatment of cancer. J. Control Release 2016, 235, 245–258. [CrossRef] [PubMed]

53



Crystals 2023, 13, 181

28. Chernozatonskii, L.A.; Artyukh, A.A.; Demin, V. Quasi-one-dimensional fullerene-nanotube composites: Structure, formation
energetics, and electronic properties. JETP Lett. 2013, 97, 113–119. [CrossRef]

29. Singhai, N.J.; Ramteke, S. Functionalized Carbon Nanotubes: Emerging Applications in the Diverse Biomedical Arena. Curr.
Nanosci. 2020, 16, 170–186. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

54



Citation: Lun-Fu, A.; Borodin, V.;

Bubenchikov, M.; Bubenchikov, A.;

Mamontov, D. Fullerene in a

Magnetic Field. Crystals 2022, 12, 521.

https://doi.org/10.3390/

cryst12040521

Academic Editors: Conrad Becker

and Marilena Carbone

Received: 21 February 2022

Accepted: 5 April 2022

Published: 8 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Fullerene in a Magnetic Field
Alexandr Lun-Fu 1, Vladislav Borodin 1, Mikhail Bubenchikov 2, Alexey Bubenchikov 2 and Dmitriy Mamontov 2,*

1 Gazprom Transgaz Tomsk LLC, 634029 Tomsk, Russia; a.lunfu@gtt.gazprom.ru (A.L.-F.);
v.borodin@gtt.gazprom.ru (V.B.)

2 Department of Mathematics and Mechanics, National Research Tomsk State University, 634050 Tomsk, Russia;
michael121@mail.ru (M.B.); bubenchikov_am@mail.ru (A.B.)

* Correspondence: orevaore@mail.ru; Tel.: +7-952-152-6410

Abstract: The manuscript presents a trajectory method for describing the rotations of surface crystals
such as fullerenes, nanotubes, and nanotori. This method does not require the implementation of
successive rotations of the considered molecular structures around the axes of the selected basis.
Therefore, it is free from the shortcomings of the approaches of Euler and Hamilton. On its basis,
an efficient algorithm for calculating the motions of a magneto-susceptible fullerene in an alter-
nating magnetic field has been developed. The nature of rotation of fullerenes in fields of various
configurations has been studied.

Keywords: mathematical modeling; molecular dynamics; nanomaterials

1. Introduction

To date, a whole class of surface crystals closed on themselves, called buckyballs, has
been synthesized. Many isomers of fullerenes have been studied. This class will noticeably
expand if atoms of metals, nitrogen, hydrogen, etc., are added to carbon structures [1,2]. The
resulting molecular systems have different properties. Moreover, these properties can differ
greatly even due to minor changes—defects, temperature, chemical factors, and exposure
to fields [3–6]. In order to act on a molecular fullerene structure with a magnetic field,
it is necessary that it contains iron atoms or other ferromagnetic material. The magnetic
fullerene system can practically be obtained both as a result of an exoendral arrangement
of the K3C60 type and with an endohedral arrangement of iron, i.e., Fe@C60. At the same
time, none of the species has yet been prepared, but the work on the synthesis of magnetic
materials is quite active [7–10]. In this work, we will proceed from the simplest design
of Fe@C60. This makes it possible to spin fullerenes by an alternating field. Of particular
interest are fullerites created on the basis of magnetically susceptible fullerenes. In these
molecular crystals, due to the high degree of symmetry of the location of the crystal lattice
sites and the symmetry of the molecule itself, fullerenes can be unwound without changing
their vibrational movements around their centers of mass (without changing the crystal
temperature). There are potential opportunities for such unwinding since, in an ideal C60-
based fullerite, large-amplitude angular vibrations of molecules are realized. According
to [11], their frequency is 34 GHz. In this case, we can talk about the independence of
rotational and translational motions, and the material will not be destroyed even with an
intensive unwinding of the crystal lattice nodes. Moreover, studies [12–17] have shown
that C60 fullerenes have a gyroscopic effect, which means that the material becomes more
resistant to deformation. Thus, it is possible to accumulate energy on rotational degrees
of freedom and thereby control the hardness of molecular crystals. The biomedical focus
of articles on molecular robots has a very important aspect related to the release of drugs
from the carbon container during their targeted delivery to the affected areas. One of the
ways of such release is the unwinding of fullerenes or their dimers [18] by an external
alternating magnetic field. In this theoretical work, we wanted to answer the question
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of the possibility of spinning up a magneto-susceptible fullerene under the action of an
alternating magnetic field. By implementing the developed numerical model, we found
the answer to this question.

2. Materials and Methods

We will consider the problem of the rotation of a supermolecule that has its own
magnetic moment and is in an alternating magnetic field B = B(t):

Bx = Bx(t), By = By(t), Bz = Bz(t). (1)

Here Bx, By, Bz are the projections of the magnetic induction vector on the axes of the
absolute basis, the center of which we place at the center of mass of the fullerene.

The specific configuration of the magnetic field, i.e., the distribution of its intensity
by components, will be presented below in the calculation results section. Now let us
consider a scheme for solving the problem in the case of an arbitrary law of changes in the
field components with time. We will use the equations of rotational motion written in the
absolute basis (theorem on the change in the angular momentum):

dK
dt

= M. (2)

The projections Kx, Ky, Kz of the vector K are defined by the following relationships:

Kx = Aωx + Fωy + Eωz,
Ky = Fωx + Bωy + Dωz,
Kz = Eωx + Dωy + Cωz.

(3)

Here A, B, C are axial, and D, E, F are centrifugal moments of inertia, which are
determined by known formulas:

A = m∑
(

y2
i + z2

i

)
, B = m∑

(
z2

i + x2
i

)
, C = m∑

(
x2

i + y2
i

)
. (4)

D = −m∑ yizi, E = −m∑ zixi, F = −m∑ xiyi. (5)

The moment of magnetic action M on the fullerene is the vector product of its own
magnetic moment and the magnitude of the magnetic field strength B:

M = µ × B = µ

∣∣∣∣∣∣

i j k
α β γ

Bx By Bz

∣∣∣∣∣∣
=

= µ
(

βBz − γBy
)
i + µ(γBx − αBz)j + µ

(
αBy − βBx

)
k.

(6)

Here i, j, k are absolute basis vectors; α, β, γ coordinates of the unit vector, coinciding
in direction with the vector of the intrinsic magnetic moment µ. If the magnetic moment
is directed along the radius of the fullerene, then the coordinates of the unit vector can be
found from the coordinates of any atom of the supermolecule as follows:

α =
xk
rk

; β =
yk
rk

; γ =
zk
rk

, (7)

where rk =
√

x2
k + y2

k + z2
k . As can be seen from the written representations in the equation

for changing the angular momentum, the differential sign includes the following functions
of time: ωx(t), ωy(t), ωz(t), and also xi(t), yi(t), zi(t)

(
i = 1, N

)
. All of these features are

currently unknown. However, there are too many of them to solve the problem only on the
basis of three scalar Equation (2). Euler’s theorem is known that a complex spatial rotation
of a body can always be represented as a rotation around some axis with an instantaneous
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angular velocity. Using this theorem in the case of rotational motion of fullerene around its
center of mass, we can write:

dri
dt

= ω × ri
(
i = 1, N

)
. (8)

Here ri = (xi, yi, zi), ω =
(
ωx, ωy, ωz

)
. Moreover, the coordinates of these vectors are

presented in an absolute basis. Since we consider the framework structure of the fullerene
to be non-deformable, the vector ω will be the same for all fullerene nodes, i.e., will not
depend on the number “i”. Thus, the equations for the coordinates of fullerene nodes
xi(t), yi(t), zi(t)

(
i = 1, N

)
are kinematic relations (8). As a result, we have obtained a

closed system of scalar equations for finding all unknown time functions that appear under
the differential sign on the left side of (2). Differential Equations (2) and (8) are integrated
under the following initial conditions:

t = 0, Kx = A0ω0
x + F0ω0

y + E0ω0
z ,

Ky = F0ω0
x + B0ω0

y + D0ω0
z ,

Kz = E0ω0
x + D0ω0

y + C0ω0
z ,

xi = x0
i , yi = y0

i , zi = z0
i
(
i = 1, N

)
.

(9)

Here, the index zero at the top marks the initial values of all considered quantities.
Thus, relations (2)–(9) determine the formulation of the problem of fullerene rotations in
alternating magnetic fields. One-step methods of a high order of accuracy, to which it
belongs, and the standard Runge–Kutta scheme of the fourth order of accuracy use the idea
of recalculating the desired values at intermediate positions of a single time step. Therefore,
all calculated values are determined both on time layers and at intermediate positions
between layers. However, it follows from the above relations that the components of the
instantaneous angular velocity vector of a molecular object are found each time from the
solution of an algebraic system of equations using new values of the angular momentum
projections on the right-hand sides of these algebraic equations.

The presented method for calculating the rotation of bodies does not use the Euler
angles connecting the relative positions of the absolute and local bases. Therefore, when
implementing it, there is no need to use the kinematic Euler relations, which have a
coordinate singularity at nutation angles that are multiples of π. In this regard, studies
carried out on the basis of the presented mathematical model have no restrictions on
nutation angles. Moreover, we do not use Hamiltonian quaternions. Therefore, in this
study, we approve the third method of specifying the rotation of bodies in space, associated
with the calculation of the projections of the angular velocity of the body on the axes of
the absolute basis and the determination of the instantaneous position of the body by a set
of coordinates of representative points of the body. A distinctive feature of calculations
of body rotations in the absolute basis is the absence of successive rotations at the level
of elementary angles ωx

∆t
2 , ωy

∆t
2 , ωz

∆t
2 . This is achieved by simultaneously finding the

projections of angular velocities as a result of solving a system of algebraic equations
according to Cramer’s rule.

Conservation of Total Energy in the System

Let a fullerene, having its own magnetic moment, be placed in a constant magnetic
field B0 = const. If these vectors do not match, then the object, which has its own magnetic
moment, will oscillate endlessly. We will assume that at the initial moment of time, the
arrow is deviated from the direction of the magnetic field by an angle ϕ − ϕ0. The total
energy balance of a moving magnetic needle (magnetic pendulum) will be determined by
the following relationship:

Jω2

2
+ E0

M − ∆EM = E0
M = const. (10)
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Here ω =
√

ω2
x + ω2

y + ω2
z is the local value of the angular velocity of the fullerene

molecule; J = Aα1
2 + Bβ1

2 + Cγ1
2 + 2Dβ1γ1 + 2Eγ1α1 + 2Fα1β1—the magnitude of the

moment of inertia of the supermolecule relative to the instantaneous axis of rotation;
α1, β1, γ1—direction cosines of this axis with respect to the axes of the absolute basis.

The characteristic energy in the magnetic pendulum problem is E0
M. This value can

be calculated analytically, then the relative error of the fulfillment of relation (10) will be
as follows:

ε =
J ω2

2 − ∆EM

E0
M

. (11)

The magnitude of the magnetic moment is:

M = µB0 sin ϕ. (12)

The characteristic potential energy of the magnetic field and the change in this energy
when the arrow turns as an angle of ϕ − ϕ0 are determined by the relations:

E0
M = µB0

ϕ0∫

0

sin ϕdϕ = −µ0B0 cos ϕ

∣∣∣∣∣∣

ϕ0

0
= µB0(1 − cos ϕ0), (13)

∆EM = µB0(cos ϕ − cos ϕ0). (14)

3. Results of Calculations

Two field configurations were considered. One of these configurations:

Bx = B0 sin( f t), By = 0, Bz = 0. (15)

The other is a rotating field:

Bx = B0 sin( f t), By = B0 cos( f t), Bz = 0. (16)

It was assumed in the calculations that the value of the intrinsic magnetic moment of
the fullerene is equal to the magnetic moment of the iron atom. We consider this atom to
be intercalated into the framework structure of fullerene. The oscillation amplitude of the
alternating magnetic field was taken equal to B0 = 1 T.

According to the presented mathematical model, it is possible to determine the projec-
tions of the instantaneous angular velocity vector on the axes of the absolute basis, as well
as the trajectories of the nodes of the molecular structure. Cases with different frequencies
of field change were calculated. Two typical cases f = 100 GHz and f = 1000 GHz, are
shown in Figures 1–4. In the case of a unidirectional field, the fullerene moves parallel to
the plane, passing through the initial position of the magnetic field vectors and intrinsic
magnetic moment.

The Figure 1 refers to the rotation of a magneto-susceptible fullerene in a unidirectional
magnetic field with a frequency f = 100 GHz.

The Figure 2 refers to the rotation of a fullerene intercalated with iron in a unidirec-
tional magnetic field with a frequency f = 1000 GHZ.

The Figure 3 refers to the spatial rotations of fullerene in a rotating magnetic field
f = 100 GHz.
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Figure 1. (a) Fullerene point trajectory; (b) x-projection of fullerene rotation frequency; (c) y-projection
of fullerene rotation frequency; (d) z-projection of fullerene rotation frequency.
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Figure 2. (a) Fullerene point trajectory; (b) x-projection of fullerene rotation frequency; (c) y-projection
of fullerene rotation frequency; (d) z-projection of fullerene rotation frequency.
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Figure 3. (a) Fullerene point trajectory; (b) x-projection of fullerene rotation frequency; (c) y-projection
of fullerene rotation frequency; (d) z-projection of fullerene rotation frequency.
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Figure 4. (a) Fullerene point trajectory; (b) x-projection of fullerene rotation frequency; (c) y-projection
of fullerene rotation frequency; (d) z-projection of fullerene rotation frequency.

Figure 4 refer to the quasi-plane fullerene rotation in a rotating field f = 1000 GHz.
The red line shows the trajectory of a representative carbon atom located at the initial time
in the plane of vectors B and µ. By integrating the angular velocity over the section of
unidirectional rotation, one can determine the amplitude of the resulting quasi-periodic
oscillations. It turned out to be close to 2π. Therefore, we called this mode of motion
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2π-rotations. It is interesting to note that somersaults that occur during an unstable rotation
of a body around an intermediate axis (Louis Poinsot instability) are π rotations of the body
around an axis with a minimum value of the moment of inertia. Rice. 2. demonstrates the
nature of the movement of a magneto-susceptible fullerene at a magnetic field frequency
f = 1000 GHz. As can be seen from the distributions of the components of the instantaneous
angular velocity vector at moments close to the initial one, the fullerene motion is quasi-
periodic, then it becomes periodic with time. Due to the initial direction of the intrinsic
magnetic moment vector, chosen randomly, the plane of motion of the carbon atoms that
make up the fullerene has slightly deviated from the xz plane. This can be seen from the
projection ωz, which is synchronous with the projection ωy and is slightly more than ten
percent of it. In addition, both of these projections have the same sign. This means that the
corresponding angular coordinates will change monotonically. Thus, the movement, in
this case, will be a rotation (albeit uneven) around an axis that has a constant direction in
space. Figure 3 shows the oscillations of a magnetic pendulum in a rotating magnetic field
corresponding to the frequency f = 100 GHz. In this case, the components of the vector
of the angular velocity of the magnetic fullerene are not synchronized and are equivalent
in magnitude. As can be seen from Figure 4, at a frequency f = 1000 GHz in a rotating
magnetic field, motions of a molecular object are obtained with the trajectory of an atomic
particle on the surface of fullerene close to a certain plane determined by the initial data of
magnetic quantities. In this case, the instantaneous angular velocity vector has significant
deviations from the normal to the specified surface. However, as can be seen from Figure 4.
there is a thickening of the trajectories, and we named this regime quasi-plane rotation.

4. Discussion

The desire to determine the position of a body in space by the angles of its rotation
relative to some absolute basis inevitably leads to problems associated with restrictions
on nutation angles in Euler’s approach or to a complex algebra of hypercomplex numbers
in Hamilton’s approach. In this paper, we propose to determine the position of a non-
deformable body rotating in space by a set of coordinates of its representative points (the
trajectories of these points). In this work, we combined the tractor approach with a high-
precision scheme for calculating evolutionary equations and obtained a calculation error
in the test problem of a spherical magnetic pendulum close to machine accuracy. Based
on the computational procedure developed by the authors, the possibility of spinning C60
fullerene intercalated by an iron atom by an alternating magnetic field was analyzed. It is
found that angular vibrations of fullerene are observed at the field frequency f = 100 GHz.
At a frequency above the specified value, the oscillations turn into directed rotations.

The proposed approach can be used to analyze the rotational dynamics of any body.
In particular, it has wide applications in molecular dynamics since it can be generalized to
the case of deformable molecular structures.
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Abstract: The movement of natural gas components through a crystalline fragment of C60 fullerite in
a simple cubic phase is numerically investigated. The methods of classical molecular physics, the
Monte Carlo and Euler approaches, and a step-by-step numerical method of a high order of accuracy
are used to study the effects arising from the passage of the particles through the C60 fullerite. The
influence of the characteristics of incoming particles on the permeability of fullerite was analyzed
using the results of the performed calculations. The application of the fast integral approach based
on the smoothed spherical potential is discussed and compared with the Monte Carlo method.

Keywords: rotating fullerene; natural gas; permeability; fullerite crystal; low temperature phase;
Monte Carlo method

1. Introduction

Since their discovery in 1985, fullerenes have been of great interest to researchers [1].
This is due to a wide range of unique properties (increased strength, hardness, high
tribological properties, high fire and chemical resistance, durability, thermal stability, etc.)
of fullerene-containing materials [2–11]. These properties make fullerenes interesting as a
building block for creating structural materials with new properties [12–14]. Fullerenes are
closed molecules consisting of 20 or more atoms located at the vertices of a polyhedron [15].
The most common fullerene is C60, a truncated icosahedron built from 20 hexagons and
12 pentagons. At room temperature, these fullerenes form into a fullerite crystal, with a
face-centered cubic (fcc) structure with a lattice parameter of 14.154 Å [16]. At temperatures
below 260 K, the fullerite crystal transforms into a simple cubic (sc) phase with a lattice
parameter of 14.111 Å [16]. In the range from 252–257 K, the fullerite structure is in a
transitional phase, combining the fcc and sc phases [16]. In the fcc and sc phases, fullerenes
perform rotational motions with frequency in the gigahertz range [17,18]. In the fcc phase,
the centers of fullerene molecules are at a distance of 1.002 nm from each other [16]. This
significantly complicates the movement of particles through the existing voids between
fullerenes compared to the sc phase. Thus, a change in temperature makes it possible to
radically change the permeability of C60 fullerite for incoming particles.

Natural gas mainly (70–98%) consists of methane (CH4) and contains other heavy
hydrocarbon gases (ethane, propane, butane, etc.) to a lesser extent. In natural gas, there is
a fairly high content of rare inert monatomic gases such as helium, xenon, and others (many
orders of magnitude higher than Earth’s atmosphere). Helium (He) is the lightest noble gas
and has a number of unique properties, such as chemical and radiological inertness, low
density, high heat capacity and thermal conductivity, the lowest boiling point, etc. Xenon
(Xe) is the heaviest noble gas and is used in spacecraft ion thrusters and as an effective and
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safe general anesthetic agent, but its high cost limits its use. In this regard, the possibility
of separating these components from natural gas is of interest.

In this work, we numerically simulate the motion of incoming particles (components
of natural gas) in a crystalline fragment of C60 fullerite in the sc phase. The numerical
study is carried out using classical molecular dynamics methods [19–24] and the Monte
Carlo method [25–27]. The Monte Carlo approach is a way to solve a problem numerically
based on random statistical trials. This method is based on using a probabilistic model
of the interaction of nano-objects and allows us to find effects that are difficult to identify
using measurements. The additive and integral approaches are used to model incoming
particles’ interaction and fullerenes [19,23]. A comparative study of the influence of the
characteristics of incident particles (helium, methane, ethane, xenon) and the parameters of
the pair interaction potential on the permeability of fullerite is carried out.

2. Physical Statement of the Problem

The study of xenon atom motion in C60 fullerite is of the greatest interest since it has
the lowest thermal velocity, which limits the probability of xenon atoms passing through
fullerite compared to other natural gas components. The C60 fullerenes, depending on the
temperature, can form sc and fcc structures. The fcc structures have the highest packing
density of identical non-overlapping spheres in three-dimensional space. Therefore, the
space unoccupied by C60 fullerenes will be minimal in the fcc lattice. The distance between
the centers of the nearest fullerenes in the fcc fullerite (which is formed at temperatures
above 260 K) is 1.002 nm, and this distance in the sc lattice (below 260 K) is 1.4111 nm. At
the same time, the fcc lattice does not have straight tunnels, in contrast to the sc lattice
shown in Figure 1. Taking into account the radius of C60 fullerene (a = 354 pm), as well
as the van der Waals radii of the xenon atom (216 pm) and the carbon atom (170 pm), the
passage of xenon atoms through the fcc structure of C60 fullerite has a very low probability,
in contrast to fullerite in the sc phase.
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We consider a crystalline fragment of C60 fullerite, consisting of 32 fullerene molecules,
as shown in Figure 1. The C60 molecules are located at the nodes of an sc lattice and
interact with the incoming components of natural gas (helium, methane, ethane, xenon)
(see Figure 1).

Each fullerene molecule is initially considered as an icosahedral structure consisting of
sixty carbon atoms (additive approach) or as a particle with a spherical interaction potential
(integral approach) [23]. The rotational motion of a fullerene is determined by the nature
of the interaction of its carbon atoms with the surrounding fullerenes and is described
using the Euler approach presented in papers [19,21,23]. The centers of mass of the nearest
rotating C60 molecules are at a distance of a0 = 1.4111 nm [16], corresponding to an sc phase
of fullerite. The conditional beam of independent particles moves in the direction of the
fullerite fragment. The interaction of carbon atoms of individual fullerenes with natural
gas components is described based on the additive potential 12-6 repulsion attraction or
the interaction potential in the surface-integral form.

3. Mathematical Statement of the Problem

Let us introduce some absolute (fixed) system of Cartesian coordinates (xyz), whose
origin will be placed at the center of a series of fullerenes closest to the incoming particles.
Cartesian coordinate systems (ξiηiζi, i = 1, 32) are rigidly connected with rotating fullerenes
and their centers of mass.

If fullerenes are considered as structures consisting of 60 carbon atoms, the interaction
of a particular carbon atom with an incoming particle or atoms of neighboring fullerenes is
determined using the potential: 12-6 repulsion–attraction (additive approach)

ULJ(ρpik) = 4ε



(

σ

ρpik

)12

−
(

σ

ρpik

)6

, (1)

where ρpik is the distance between the pth incoming particle and the kth atom of the ith
fullerene, i = 1, S, p = 1, N, k = 1, K; S = 32 is the number of fullerenes of the crystalline
fragment of fullerite; K = 60 is the number of carbon atoms in C60 fullerene; N = 225
is the number of incident particles of the conditional beam; ε, σ are the Lennard-Jones
parameters [28].

If fullerenes are considered as spherical particles of radius a (integral approach),
then the interaction potential between the ith fullerene and the pth incoming particle is
determined by the following formula [19,23,29–31]

Usph
(
ρpi
)
=

4εaπ

ρpi A1

[
σ12

5

((
ρpi − a

)−10 −
(
ρpi + a

)−10
)
−σ6

2

((
ρpi − a

)−4 −
(
ρpi + a

)−4
)]

, (2)

where A1 = A/K, where A = 4πa2 is the area of a sphere of radius a; ρpi is the distance
between the center of the ith fullerene and the pth incoming particle. Potential (2) is based
on the Lennard-Jones potential (1) uniformly distributed over the area of the sphere.

The rotational motion of the ith fullerene molecule around its center of mass is de-
scribed using the Euler dynamic equations in the following form [21,23]

J1
dpi
dt

+ (J3 − J2)qiri = Mξi, (3)

J2
dqi
dt

+ (J1 − J3)ri pi = Mηi, (4)

J3
dri
dt

+ (J2 − J1)piqi = Mζi. (5)

here pi, qi, ri are the components of the angular velocity relative to the principal axes; J1, J2,
J3 are the principal moments of inertia of the C60 molecule for its center of mass; Mξi, Mηi,
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Mζi are the projections of the moments of external forces on the ξ-, η- and ζ-axes associated
with the ith fullerene and determined according to the paper [23].

The components of the angular velocity of the ith fullerene molecule, written in terms
of the Euler angles ϕ, ψ, θ, have the following form:

pi =
.
ψi sin θi sin φi +

.
θi cos φi, (6)

qi =
.
ψi sin θi cos φi −

.
θi sin φi, (7)

ri =
.
ψi cos φi +

.
φi, (8)

where the dot above the function name indicate a derivative taken with respect to time.
The motion of the center of mass of the pth incoming particle when using the additive

approach is determined by the law

mp
dvp

dt
=

S

∑
i=1

K

∑
k=1

gradULJ

(
ρpik

)
, vp =

dρp

dt
, (9)

and for integral approach

mp
dvp

dt
=

S

∑
i=1

gradUsph
(
ρpi
)
, vp =

dρp

dt
. (10)

here mp is the mass of the pth incoming particle; ρp is the position vector of the pth incoming
particle. Note that since Equation (10) has one summation, the numerical solution of the
problem will be much faster than Equation (9).

The initial conditions for solving the system of differential Equations (3)–(10) are given
in the following form

t = 0 : ψi = ψ0
i , θi = θ0

i , ϕi = ϕ0
i ; pi = p0

i , qi = q0
i , ri = r0

i , (11)

vp = v0
p, ρp = ρ0

p, (12)

The system of differential Equations (3)–(10) with initial conditions (11), (12) is solved
using a high-order step-by-step time integration scheme [32,33], which makes it possi-
ble to determine the spatial trajectories of the incoming particle and each atom of the
central fullerene.

4. Results and Discussion

Consider a fragment of fullerite consisting of 4 × 4 × 2 = 32 fullerene molecules (see
Figure 1), the initial orientation of which is set randomly (Monte Carlo method). We apply
the Monte Carlo method only with an additive approach. The first row of 16 fullerenes is
in position y = 0.0 nm; the second row is in position y = −a0 = −1.4111 nm, where a0 is the
crystal lattice parameter. Incoming particles in the amount of 15 × 15 = 225 at the initial
moment of time are in positions corresponding to y = 4.0 nm and have an initial velocity
directed along the y-axis (Figure 1). In this paper, the initial velocity of the incoming
particles is assumed to be equal to the value of the thermal velocity for the temperature
T = 260 K, determined by the formula

v0
p =

√
3kBT
mp

, (13)

where kB is the Boltzmann constant.
Figure 2 shows the mutual arrangement of fullerenes and a conditional beam of

incident particles in the xy-plane. This number of particles makes it possible to estimate
the fraction of transmitted particles with a step of ~0.44%. The conditional particle beam is
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located opposite four central fullerenes. This arrangement of incoming particles relative to
fullerenes makes it possible to extend the obtained results to large scales. However, it should
be taken into account that filling with incident particles with a similar step, for example,
the space between the centers of 4 × 4 = 16 fullerenes, will require 43 × 43 particles, and
not 9 × 225. This suggests that among the 225 selected particles, there is a small fraction
of particles (~10%) that belong to neighboring regions. Therefore, it is necessary to apply
appropriate coefficients when extending the results of calculations to large scales.
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Figure 2. The initial position of the conditional beam of incoming particles (red color) relative to the
considered C60 fullerite (blue color) in projection on the xz-plane.

Figure 3 shows a comparison of the additive (UΣ × ε–1) and integral (Usph × ε–1)
dimensionless functions of the potential on the distance ρpi between the centers of the
incoming particle and the center of the fullerene. The integral function of the potential Usph
is determined by Formula (2). The additive function of the Lennard-Jones potential UΣ is
determined by the following formula

UΣ(ρpi) =
K

∑
k=1

ULJ

(
ρpik

)
, (14)

The potential integral function approximates the Lennard-Jones additive function
well with an error of less than 1% at a distance between the particle and fullerene centers
ρpi > 0.705 nm. The error increases significantly as the incoming particle and fullerene
approach each other. The depth of the potential well differs by 4.5%.
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4.1. Thermal Motion of Natural Gas Components

Let us consider when the initial velocities of incident particles (helium, methane,
ethane, xenon) are equal to their thermal velocity. Using this assumption, we simulate the
motion of particles near the surface of fullerite at a temperature of 260 K due to chaotic
thermal motion (“thermal mode”). We will calculate up to the time tz = 0.02 ns. Figure 4
shows that the sample size (200) is sufficient to determine the average value of the fraction
of passing helium, methane, ethane, and xenon atoms.
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Figure 5 shows the probability density function of the fraction of helium atoms that
have passed through the fullerite fragment. The circles correspond to the calculations
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performed using the additive approach. The solid line shows the normal distribution
obtained from the formula

Φ( f ) =
1

σ
√

2π
exp

(
−1

2

(
f − µ

σ

)2
)

, (15)

where the parameter µ is the mathematical expectation (mean), and σ is the standard
deviation of the normal distribution.
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For the results presented in Figure 5, the mathematical expectation µ = 0.4089, and the
standard deviation σ = 0.0276. As can be seen from Figure 5, the distribution of random
variables obeys the normal distribution law.

The normal distributions (Figure 6) are similarly constructed for the other particles
under consideration. Table 1 shows the interaction potential parameters ε and σ, obtained
using the Lorentz-Berthelot mixing rules and used in Formulas (2) and (3). As can be
seen from Figure 6, the larger the particle mass (Table 1), the less likely they are to pass
through the fullerite crystalline fragment. Note that the time tz = 0.02 ns is chosen so that
all helium atoms leave the region occupied by fullerenes. However, according to (13), the
initial velocity of other particles is significantly less than that of helium, so not all particles
(methane, ethane, xenon) have time to leave the region occupied by fullerenes in the time
interval [0, tz]. This shows that helium has a significantly greater ability to overcome the
crystalline fragment, unlike other particles. Note that xenon and helium atoms have the
minimum and maximum thermal motion velocities, respectively. At the same time, the
minimum and maximum fullerite permeability is observed for xenon and helium atoms,
respectively. This suggests that the permeability of fullerite directly depends on the initial
velocity of the particles (helium, methane, ethane, xenon) in thermal motion.

The dashed lines show the results of calculations obtained using the integral approach.
As we can see, the integral approach to some extent, qualitatively reflects the relative
pattern of permeability for different particles.
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Table 1. Lennard-Jones parameters for the mixture (particle-carbon) and particle mass.

Parameters Mixture

He-C CH4-C C2H6-C Xe-C

ε/kb 22.875 87.05 109.15 108.28
σ, nm 0.3102 0.3727 0.4024 0.3854
mp, Da 4 16 30 131

4.2. Velocity Effect on the Permeability of Fullerite

In addition, we will analyze the permeability of fullerite under conditions of equal
initial velocity, which is taken to be the thermal velocity of helium (see Figure 7). This
assumption allows us to model the convective mode of movement of incoming particles
near the fullerite surface. The average values of the fraction of passing atoms, determined
using models using the additive and integral function of the potential, are presented in
Table 1. As can be seen from Table 1, the best agreement between the methods was obtained
for xenon (relative error δ = 2.7%) and the worst for methane and ethane (δ = 15.6–16.8%).
At the same time, both methods show that helium and xenon give the largest number
of passing particles, while methane and ethane give the smallest number. At the same
time, it can be seen from Figure 7 and Table 2 that the probabilities of passage through
fullerite, determined by the additive method, for helium and xenon turned out to be almost
the same. However, calculations for helium showed large deviations from the average
permeability compared to xenon. With the exception of xenon, a qualitative picture of the
relative position of the distributions in Figures 6 and 7 has been preserved.
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Table 2. Average values of the fraction of passed particles (f ) calculated by the integral and
additive methods.

Mean Values Particles

He CH4 C2H6 Xe

f sph 0.3778 0.36 0.3244 0.3956
f Σ 0.4089 0.3115 0.2778 0.4067
δ 7.6% 15.6% 16.8% 2.7%

As can be seen from Table 1, the xenon atom, according to the Lennard-Jones parame-
ters ε and σ, is between CH4 and C2H6, i.e., not much different from them. At the same time,
the fraction of passed xenon atoms is much larger than that of methane and ethane. This is
due to the significantly larger mass of the xenon atom compared to methane and ethane.

The results of the calculations presented in Figures 6 and 7 show that with the convec-
tive movement of a natural gas substance near the fullerite, it is possible to significantly
increase the probability of the passage of xenon atoms through the fullerite in the PS phase.
The average probability of passage of xenon atoms increases from 8.22% (thermal mode)
to 40.67% (convective mode). At the same time, changing the regime also increases the
permeability of fullerite for methane (from 21.1% to 31.1%) and ethane (from 17.84% to
27.78%), but to a lesser extent. To assess the change in the concentration of a substance,
one can analyze the selective release factor, which is defined as the ratio of the fractions
of particles that have passed through fullerite. Based on the calculations obtained, the
average selective xenon release factor with respect to methane (the main component of
natural gas) in the thermal mode of particle motion near fullerite is 0.39. Therefore, fullerite
will represent a barrier for xenon atoms and lead to a decrease in the concentration of
xenon atoms. At the same time, this factor in the convective mode of movement of particles
near fullerite is 1.31, which causes an increase in the concentration of xenon atoms after
passing through the fullerite. This procedure must be carried out repeatedly to significantly
increase the concentration of xenon atoms. As a result, this effect makes it possible to
separate helium and xenon from natural gas using a fullerite crystal in the sc phase.
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5. Conclusions

Classical molecular dynamics simulations were carried out to investigate the passage
of natural gas components through the C60 fullerite in a simple cubic phase using the Monte
Carlo method. The calculation results showed that natural gas components have different
abilities to pass through fullerite. The analysis using the Monte Carlo method showed
that helium atoms have the highest probability of passing through the fullerite barrier
with a thermal velocity, and xenon atoms have the smallest one. However, at the same
initial speed of movement, xenon atoms achieve a similar permeability of helium atoms. In
addition, helium atoms have the smallest deviation from the average value of the fraction
of the passed atoms. An increase in the initial velocity made it possible to significantly
increase the permeability of fullerite for xenon. This effect can be used to increase the
concentration of noble gases. It is shown that the method based on the integral potential
makes it possible to quickly obtain a qualitatively correct overall picture of presented effects
and the distribution of the average values of fullerite permeability for incoming particles.
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Abstract: A number of different research methodologies have been developed to increase the con-
ductivity and mechanical properties of stretchable or flexible conductors. One of the promising
techniques recommended for applying metallic nanoparticles (NPs) to PDMS (polydimethylsiloxane)
substrate is to develop a thin-film that gives possible conductivity and good mechanical strain. This
article discusses the preparation of silver nanoparticles using the chemical reduction method with
silver nitrate as the precursor, and uses glucose as a reducing agent. In addition, polyvinyl pyrroli-
done (PVP) is used to prevent the nanoparticles’ oxidation and agglomeration once they have been
synthesized successfully. Moreover, we utilize the power of diethylamine to accelerate the evolution
of nanoparticles, and deionized water is used to prevent any possible contamination. The prepared
Ag-NPs are then deposited on the solidified PDMS substrate through sintering. A multimeter is used
to measure the electrical resistance. Ag-NPs are confirmed by UV-Vis at a 400-nm peak. Furthermore,
we discuss the surface morphologies, particle sizes and thicknesses of the film and substrate when
studied using different microscopy techniques. The prepared stretchable conductor is found to be
suitable to use in biosensing and electronic devices.

Keywords: stretchable conductors; silver nanoparticles; polydimethylsiloxane; polyvinyl pyrrolidone
(PVP); thin-film; coating; electrical resistance

1. Introduction

Stretchable electronics is a thrilling research area that combines numerous engineering
fields such as materials, fabrication, electronics and mechanics. In stretchable electronics,
the fabricated device maintains its electrical functionality under the application of axial,
biaxial and/or repeated stretching loads [1]. This specific feature of the device could
open a doorway for sensational and innovative applications of electronics such as artificial
skin, strain sensors, artificial muscles or actuators, stretchable and flexible solar cells, and
nanogenerators. Physical-sensing electronic devices that provide a sense of touch are
receiving increased attention nowadays for futuristic applications [2–4].

Patterned structures of flexible, stretchable and electrically conductive materials on
soft substrates could lead to the development of unique electronic devices with distinc-
tive mechanical properties allowing them to bend, fold, stretch or fit the environmental
conditions. Exploratory research on how we can improve the stretchability of circuits on
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elastomeric substrates has made outstanding progress. One of the promising advantages of
large-area electronic devices is that they are thin and light enough to be placed easily on
rooftops and walls. Besides their lightweight properties, the focus has now moved to their
bending and rolling [5–7]. Large-area flexible sensors and actuator components, such as
transistors and diodes, may be embedded in rubber sheets and joined with wavy metal
wires by carefully monitoring the strains in thin-films. Their electrical circuits have high
mechanical durability and show good electrical performance under stretching conditions as
all the circuit components are stretchable [8–11]. To achieve this, a soft substrate is needed
that includes many elastomers, i.e., silicon-based elastomers with versatile properties such
as biocompatibility, flexibility, non-toxicity, hydrophobicity, and stretchability, etc. [12].
These samples are coated with thin-films of metals that can conduct electricity.

In this project, we used polydimethylsiloxane, commonly known as PDMS, as a soft
elastomeric substrate because of its versatile properties such as stretchability, biocom-
patibility, bendability, etc. The key aim was to fabricate an elastic conductor that could
conduct electricity under an applied strain. To do so, we synthesized silver nanoparticles
that acted as a conducting thin-film on the PDMS substrate. A green nanotechnology
route taking a chemical reduction method was developed to synthesize Ag-NPs using an
environmentally friendly and low-cost method. The chemical reduction method has the
advantage of effectively synthesizing nanoparticles both at the laboratory scale and when
upscaled for mass production, as well. In our research, the prepared nanoparticles were
then deposited on the PDMS substrate. PDMS was used to provide strong elastomeric
properties against mechanical strain, in addition to its effect on the conductivity of the
produced nanocomposites.

2. Materials and Methods

PDMS in powder form with 97% purity was used as a substrate, purchased from Dow
Corning Corporation. Silver nitrate, used for the formation of Ag-NPs, was purchased from
Merck (Pvt.) Ltd., Karachi, Pakistan. with a purity of 99.95%. Di-ethyl amine and glucose
were purchased from the local market, both of commercial grade and 95% purity. PVP with
an average of 35,000 mol. wt. was purchased from Sigma-Aldrich, Burlington, MA, USA.

2.1. Synthesis of Ag-NPs

Initially, PDMS substrates were fabricated using the solution processing method. The
silicone elastomeric base and silicone elastomeric hardener were mixed with a ratio of
10:1 g. The prepared 2.5 g of PDMS solution was then poured into the mold (5 × 5 cm)
to achieve 1 mm-thick PDMS [13–15]. The film thickness of the sample was measured
by stereomicroscope (MOTIC DMW-143). The Ag-NPs (<100 nm) were then prepared
chemically via reduction (a green nanotechnology approach) using the glucose-gluconic
acid oxidation-reduction method in diethylamine, with silver nitrate as a source of silver
ions. The prepared Ag-NPs were then deposited as a thin-film by inkjet printing and
sintering at 100 ◦C for 30 min. A straightforward in-house technique was used to prepare
the thin-film of the nanocomposites via the inkjet printing method. Finally, the samples
were characterized through different techniques.

As mentioned, the Ag-NPs solution was prepared by chemical reduction (a green
nanotechnology route). An aqueous solution of 100 mM silver nitrate and 50 mM glucose
was mixed and stirred using a magnetic stirrer at room temperature for 20 min to obtain
a homogeneous solution. An aqueous solution of 115 mM molarity diethylamine (DEA)
was added, and the solution was mixed quickly and vigorously [16–18]. The color of
the solution changed from yellow to brown and finally to black, a possible indication of
Ag-NPs [19–21], as shown in Figure 1.
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Figure 1. Synthesis process of Ag-NPs; (a) yellow color appeared during the mixing of silver nitrate
and glucose with diethylamine (b) yellow color of the solution change to orange and (c) the orange
color of the solution is turned to black indicating the formation of Ag-NPs

The recommended mechanism for this reaction is similar to the silver mirror tech-
nique, where the amine is dissolved in water to remove hydrogen ions, leaving hydroxyl
ions in the solution. The hydrated amine ion further reacts with silver nitrate to form
a complex of silver ions. The remaining hydroxyl ions oxidize the aldehyde groups of
the glucose molecules to form gluconic acid, and an electron is released into the solution.
This electron reduces the silver ions of the silver complex to get metallic nanoparticles of
silver. Diethylamine (DEA) can be used as a catalyst. To prevent agglomeration of the
particles, polyvinylpyrrolidone (PVP) is used as a capping agent, as shown in Figure 2.
The maximum amount of 3 wt.% PVP is used in the solution, which acts as a stabilizer
preventing the agglomeration of the synthesized nanoparticles. Small wt. percentage
of PVP was used because the greater the added amount of PVP can makes the particles
nonconductive. Nonetheless, when using PVP as the stabilizing agent, producing just small
quantities of the synthesized particles is efficient to form the thin-films.
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2.2. Preparation of Ag-NPs/Ethylene Glycol Ink

The prepared solution of silver nanoparticles was then used for ink preparation by
centrifugation (at a 3000-rpm speed for 10 min at 220 volts), using ethylene glycol as a
dispersing agent, as shown in Figure 3.
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Figure 3. Ag-NPs after centrifugations (left). Silver nanoparticle ink dispersed in ethylene glycol
(right).

The silver nanoparticle ink was then placed in a vial and subjected to jet ultrasonication,
to break the bonds between agglomerated nanoparticles and thus disperse the nanoparticles
in the freshly prepared ink. The nanoparticle ink was stored in a vial that underwent
sonication using an ultrasonic cleaning machine.

2.3. Fabrication of Ag-NP Thin-Film

The prepared Ag-NPs were then deposited as a thin-film using the inkjet printing
technique. The coated film on the substrate (PDMS/Ag-NPS) was then consolidated in the
oven for 1 h at 100 ◦C, and cooled in a dry oven for good adhesion. Figure 4 shows the
uncoated and coated substrate samples produced after solidification.
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2.4. Characterization of the Ag-NPs and the Ag-NP-PDMS Thin-Film

The surface of the prepared samples was investigated using an Olympus Microscope
model GX-51 (Center Valley, PA, USA), while scanning electron microscope (SEM) model
Quanta 200 (Hillsboro, OR, USA) was used to determine the surface morphologies and
particle sizes and shapes of the prepared Ag-NPs. A UV-Vis spectrophotometer model
Spectrumlab 22PC (Shanghai. Lengguang Technology Co. Ltd., Shanghai, China) was
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used to determine the absorption spectrum of the prepared silver nanoparticles. The
laboratory apparatus was designed to measure the strain versus the electrical resistance of
the sintered thin-film samples when increasing the applied load, by assessing the electrical
resistance of the sintered thin-films at different strain loads using a multimeter. The
electrical measurements were recorded before and after applying each load [22,23].

3. Results and Discussion
3.1. Ag-NPs’ Characterization

Investigations of the produced Ag-NPs were carried out using a field emission scan-
ning electron microscope at a standard high voltage of 25–30 kV to study the particle
shapes, sizes, and morphologies. Figure 5 shows SEM images with different magnifications
of the prepared Ag-NPs. In Figure 5a, the particles are at the nanoscale and we can see
some agglomerations. The particle size range is between 108 and 189.6 nm, and some
particles are agglomerated in different areas. Undesirable agglomeration of particles results
due to the conglomeration and pileup of the particles, resulting in the deterioration of the
size range [24–26]. Figure 5b–d show SEM images with high magnifications, in which the
phenomenon of particle agglomeration can be observed more clearly and effectively. The
particle size of one particle was measured as 108.3–189.6 nm, but agglomeration appeared
in various regions, resulting in vast increments in the size range. Particle pile-up was
obvious in the region of the red box, resulting in a dramatic increase in the sizes of the
particles [27].
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(d) 19,971× of the prepared Ag-NPs. The triangular shape of particles can be seen at different magnification.

3.2. UV Absorption Spectrum of the Ag-NPs

Figure 6 shows the spectrum of standard UV spectroscopy for the produced silver
nanoparticles in the wavelength and absorbance range of UV light. The spectrum was
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scanned within the wavelength range from 380 to 420 nm. A high-intensity peak was
detected at 400 nm, which confirmed the formation of Ag-NPs. It is believed that the
UV-Vis absorption peak of Ag-NPs can be detected in the range of 390–470 nm, depending
on the particle sizes, shapes, and distribution [28]. Hence, the absorption peak presented in
Figure 6 demonstrates the presence of the Ag-NPs, as revealed when investigated by SEM
(see Figure 5).
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3.3. Surface Characterization of Ag-NP-PDMS Thin-Film

Figure 7a depicts the results of the stereomicrograph of the surface of the thin-film;
the black spots show the silver particles and the grey background shows the substrate. The
undesirable agglomeration phenomenon can be observed, confirmed by the presence of
large black spots, such as in the lower left of the micrograph shown in Figure 7a. Figure 7b
presents a high magnification of the surface. The zones in the red boxes in the images
capture notable agglomeration [29]. Figure 7c reveals an important property of Ag-NPs,
i.e., shining and brightening in the presence of light from the microscope.
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Figure 7. (a–c) Stereomicrographs with different magnifications of the fabricated thin-film.

The stereomicroscope technique is used to measure line spacing, as well as sample
thickness. The results obtained from this test are shown below in Figure 8. There was
great variation in the thicknesses of the samples when a mean of four readings was cal-
culated. The variation ranged from 0.914 to 1.312 mm, with the thicknesses of the coated
layers differing.
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Figure 8. Stereomicrograph of the cross-sectional area of the deposited Ag-NP thin-film on the
PDMS substrate.

Substrates with different roughness patterns were prepared and silver nanoparticles
were synthesized. Then, in this step, the substrates were coated with silver nanoparticles,
followed by a sintering process. Figure 9a shows a stereomicrograph of the prepared
Ag-NP thin-film on the PDMS substrate sample after sintering. Following this, the sample
was subjected to stretching using a homemade apparatus. Next, the electrical resistance
of the prepared and stretched samples was measured after applying a suitable load. The
sample surface after stretching was investigated using a stereomicroscope, as shown in
Figure 9b. It was observed from the micrograph that the sintered Ag-NP thin-film on the
PDMS substrate sample (Figure 9a) had a uniform surface morphology. However, the
sintered Ag-NP thin-film on the PDMS substrate sample (Figure 9b), after stretching by
applying a suitable load, had a deformed surface morphology with some areas marred
by grooves, potentially due to the loss of some coated materials from the surface of the
substrate during stretching [30].
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3.4. Electrical Conductivity of the Sintered Ag-NP-PDMS Thin-Film

After successful sintering of silver nanoparticles on the surface of the PDMS substrate,
the coated samples were subjected to a measurement of their electrical conductivity under
an applied load. Figure 10 shows the electrical resistance values of the thin-film under an
applied load with respect to changes in the length of the thin-film. In both unstretched
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and stretched sample conditions, the electrical resistance of the sample in the horizontal
directions was found to be the best, with the lowest electrical resistance [31]. For instance,
when the unstretched sample was 2.4 cm in length, the electrical resistance was found to
be 1.6 ohms. The sample was stretched slowly, and increases in electrical resistance were
observed at higher values, with the highest electrical resistance value of 3.15 ohms at the
length of 3.15 cm. In comparison, when we consider the electrical resistance measurements
in the vertical and radial directions, the resistances of the unstretched samples were 2.5 and
3.8 ohms at sample lengths of 3.5 and 2.5 cm, respectively. When stretching the sample
vertically, the electrical resistance value was observed to be 65 ohms for a maximum stretch
of 3.1 cm [32]. Meanwhile, when stretched radially, the maximum electrical resistance was
observed to be 73 ohms [33].
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4. Conclusions

Silver nanoparticles were prepared chemically with a green reduction method us-
ing glucose-gluconic acid oxidation-reduction in diethylamine, with silver nitrate as a
source of silver ions. The synthesized silver nanoparticles had an average particle size of
108.3–189.6 nm. Their presence was confirmed by UV-Vis spectrophotometry, indicating an
intense peak at a wavelength of 400 nm. PDMS was used as a substrate in the liquid form,
and it was solidified via sintering. The prepared silver nanoparticles were successfully
deposited as a thin-film on the prepared PDMS substrates by inkjet printing, followed by
sintering at 100 ◦C for 30 min. The electrical resistance of the obtained sintered samples
was measured before and after stretching by applying a suitable load in different direc-
tions. The samples stretched horizontally showed the best electrical properties. Based
on the obtained results, the prepared silver nanoparticle/PDMS stretchable conductor
has effective electrical and mechanical properties to be used in bio-sensing and electronic
devices. Future studies will be conducted to develop the technique and the properties of
the obtained nanocomposites.
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Abstract: Nanomaterials have gained much attention in the field of environmental remediation,
largely due to their high surface area-to-volume ratio and other unique physical, chemical, and
biological characteristics that emerge due to its size effects. Metallic nanoparticles are traditionally
manufactured using wet chemical processes; however, the chemicals utilized are generally hazardous
and combustible. The biosynthesis of nanoparticles using a variety of plant resources is considered a
green technology because it does not use toxic chemicals. This work focuses on the green synthesis of
biogenetic silver nanoparticles and their use in the sequestration of colorants from aqueous solution.
The extract of aquatic macrophyte Salvinia molesta (water hyacinth) has been employed to prepare
silver nanoparticles by chemical reduction reaction. In the UV-visible spectrum of the synthesized
silver nanoparticles, the absorbance peak was detected in the 420–430 nm range. The synthesized
silver nanoparticles were used to sequester methylene blue (MB) dye in aqueous solution. About
121.04 mg/g was found as the highest adsorption capacity of methylene blue dye on the silver
nanoparticles according to the Langmuir isotherm. It was observed that the experimental results
and the pseudo-second order kinetics are in good agreement. As a result, the biosynthesized silver
nanoparticle might be a potential adsorbent material in the field of environmental rehabilitation
and cleanup.

Keywords: silver nanoparticles; green synthesis; adsorption; colorants; methylene blue dye

1. Introduction

Textile production requires a large quantity of water and energy. Factories create a large
amount of contaminated water after finishing dyeing and completing their products [1].
Due to its huge volume and nature, this water is regarded to be extremely dangerous for
human beings. There are a number of environmental problems associated with discharging
dyeing waste water directly into the environment. Waste water has a potential effect to
cause serious damage to aquatic life, soil, and drinking water [2]. Furthermore, some dyes
and their tailing-remained products have the potential to be carcinogenic and poisonous.
As a result, the dyes must be removed before disposal. A wide range of techniques have
been explored to treat wastewater, including biodegradation and ultrafiltration as well as
photocatalytic degradation, oxygenation, and adhesion. When it comes to the treatment
of these dye-containing effluents, traditional adsorption is a very low-cost and effective
method [3]. The physicochemical characteristics of the adsorbent determine the efficiency
of any adsorption procedure. The search for novel adsorbents with large specific surface
area, high adsorption capacity, and a quick adsorption rate, as well as unique surface
reactivity, is therefore highly essential and useful [4].
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Nanotechnology allows the creation of nanomaterials that may be used for a variety
of scientific and technical purposes. As a result of nanotechnology, new nanomaterials may
be used for a variety of applications with a measurement of less than 100 nanometers [5].
Research on nanoparticles has received increased attention in recent years, owing to a wide
range of essential uses in health and different environmental issues. As a result of their
tiny size, nanoparticles have a higher surface-to-volume ratio or a greater surface area per
weight than larger particles, making them more reactive to interact with other molecules.
Silver nanoparticles (AgNPs) are more important than other noble metal nanoparticles
due to their specific features, such as excellent optical property, electrical conductivity,
oxidative property, antibacterial activity, and catalytic activity. Silver nanoparticles are
traditionally produced using hazardous chemicals and at a high cost. The utilization of
environmentally friendly resources such as plant leaf extract, microorganisms, and enzymes
may be employed for the biological production of nanoparticles, which offers several
environmental benefits. The green production of nanoparticles is critical for the treatment
of many hazardous compounds that cannot be addressed chemically [6]. The fabrication of
nanoparticles using chemical methods are time-consuming and have a high production
cost. Therefore, scientists were particularly interested in the creation of nanoparticles by
green production methods.

In the literature, researchers fabricated silver nanoparticles and applied for different
applications. Vanaja et al. (2014) prepared silver nanoparticles using Morinda tinctoria leaf
extract under specific pH conditions and further characterized by different spectroscopic
techniques [7]. They concluded that the size as well as the quantity of silver nanoparticles
formed are strongly dependent on the pH, and basic pH supports the biosynthesis of
silver nanoparticles, whereas no silver nanoparticles were detected in the acid medium.
Silver nanoparticles were prepared with sizes ranging from 79 to 90 nm and applied for
photo catalytic activity of MB degradation [8]. Anu Kumar et al. (2016) experimented
with a simple and non-hazardous method for synthesizing silver Nano catalyst by using
Viola serpens leaf extract [9].

The biosynthesis of AgNPs mainly involves three main steps: (1) solvent medium
should be selected, (2) environmentally friendly reducing agents are selected, and
(3) nontoxic substances are chosen for the AgNPs stability. When a substrate of low value is
used by living cells to produce higher-value products, this device is called a bioreactor [10]
Plant parts act as a bioreactor for the expression in tissues remote from the penetration of
ion sites, with the capability to reduce metal ions on the surface. The plant has a strong
hyperaccumulation capacity of metal ions, which is a tool for the bioaccumulation of metal
oxide-NPs. The whole plant can be used for nanoparticle fabrication, whereas size and
shape of NPs mainly depends upon parts of the plant. Biogenic fabrication by plant ex-
tracts have been used in the production of AgNPs and found interesting owing to size,
surface area, structure, and unique properties. There are several disadvantages of physical
and chemical methods of nanometal fabrication, as they need to use biogenic synthesis
methods, which are economically feasible and ecofriendly [11]. The purpose of this work is
to synthesize AgNP using the aquatic weed, Salvinia molesta, as a reducing agent and assess
their effectiveness in sequencing MB dye, which is commonly used in the textile industry.
It was shown that the synthesized AgNPs by plant extracts adsorb and quickly decrease
the concentrations of the MB dye, both in terms of catalysis and kinetics [12].

2. Materials and Methods
2.1. Materials

Silver nitrate and methylene blue (MB) dye were purchased from Sigma Aldrich.
Salvinia molesta, a macrophyte kariba weed, is an aquatic fern and native to southeastern
Brazil [13]. Its observed as a free-floating plant that remains on the surface of water. The
leaves are 0.1–4 cm long, with a bristly surface caused by the hair-like strands and were
collected from riverbanks and ponds in the summer of 2021 (see Figure 1).
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Figure 1. Optical images with (a) low and (b) high magnifications of the Aquatic macrophyte
(Salvinia molesta) leaves under investigation.

2.2. Methods
2.2.1. Plant Extraction

The collected S. molesta was washed many times in warm distilled water to remove
any dust or other impurities. A total of 50 g of S. molesta leaves were cleaned and finely
chopped before being placed in 500 mL beakers containing 200 mL of double-distilled
water. The mixture was allowed to boil for 1 h at 100 ◦C. The obtained solution mixture was
then cooled to room temperature [14]. The leaf extracts were filtered by using Whatman
number 41 filter paper.

2.2.2. Silver Nanoparticle (AgNPs) Synthesis

In order to synthesize AgNPs, an aqueous solution of silver nitrate was prepared using
double-distilled water. AgNPs were made by mixing 1 mM silver nitrate solution with
S. molesta leaf extract and continuous stirring at 300 rpm for 72 h at room temperature
using a magnetic stirrer. The formation of AgNPs is indicated by the appearance of a
yellow-brown color after 8 h of agitation and turns reddish brown after 72 h of agitation in
the dark [15,16]. The resulting suspension of silver nitrate and S. molesta extract were cen-
trifuged at 15,000 rpm for 15 min. To remove silver ions and seed extract residue, the pellet
containing AgNPs was washed three to four times with deionized water. Biosynthesized
AgNPs were lyophilized after being precipitated. To further characterize, the lyophilized
nanoparticles were stored in a cool, dry, and dark environment.

2.2.3. Characterization of Biogenic AgNPs

The mixture of silver nitrate and S. molesta extract solution were taken in different
ratios (1:1, 1:2, 1:3, and 1:4), and the UV-visible spectra of AgNPs at different ratios were
obtained using a UV-1800 Shimadzu spectrophotometer. Silver nanoparticle morphology
was studied using a lyophilized sample of AgNPs using a scanning electron microscope
(SEM) operating at 20 kV. Transmission electron microscopy (TEM) working at an accelera-
tion voltage of 200 kV was used to determine the morphology and size of biosynthesized
AgNPs. The crystalline structure of the biogenic nanoparticles was determined using a
pattern of selected area electron diffraction (SAED).

2.2.4. Dye Adsorption and Sequestration Using AgNPs Adsorbate

For the sequestration of MB dye, batch studies were carried out in a 250 mL con-
ical flask containing 50 mL of dye solution. The effects of initial dye concentration
(10–100 mg/L), equilibrium time, pH (2–10), and temperature (30–45 ◦C) were investi-
gated. After adding a desired amount (0.1 g) of AgNPs to MB dye solution, the mixture was
stirred at 200 rpm with a magnetic stirrer at an ambient temperature for equilibrium time.
After equilibrium time, the solution was filtered to separate pellet and supernatant [17–21].
The collected supernatant was analyzed using UV-Vis spectrophotometer at a maximum
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wavelength of 660 nm to measure the MB dye concentration in the residual solution. The
efficiency of decolorization (%) has been calculated by using the following Equation (1) [10]:

Decolorization(%) =
C0 − C1

C0
× 100% (1)

where C0 is the initial concentration of dye and C1 is the concentration of dye after irradia-
tion in the selected time interval.

3. Results and Discussion
3.1. Characterization of Biosynthesized AgNPs

Silver nanoparticles were synthesized by the addition of Salvinia molesta extract to the
AgNO3 solution. In the AgNO3/Salvinia molesta solution, silver nanoparticle synthesis
is indicated by a progressive color change from colorless to yellow to reddish brown, as
shown in Figure 2. Surface plasmon vibration, an optical characteristic found only in noble
metals, is responsible for this color change [22]. Further, UV-visible spectroscopy has been
used to confirm the formation of silver nanoparticles in aqueous solution. The solution was
scanned over a range of wavelength as 300–800 nm. Biogenic AgNPs have a prominent
peak absorbance at 430 nm [23], which is typical, as shown in Figure 3. Salvinia molesta leaf
extract generated highly dense AgNPs, as shown by SEM examination in Figure 4. The
acquired morphology demonstrated that the produced AgNPs were virtually spherical.
The particles appear agglomerated because the presence of several significant bio-organic
chemicals extruded from the leaves appear as a chelating agent that stabilizes the produced
AgNPs in solution. A similar phenomenon was reported by Ranjith kumar et al. (2018) [24].
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A High-resolution transmission electron microscopy (HRTEM) investigation was
carried out to characterize the surface morphology and size (Figure 5a–c). The average
particle size was determined to be 1 nm. Additionally, the particles were rounded and
well-dispersed, suggesting the presence of capping peptides around each particle that help
stabilize the nanoparticles. For a face-centered cubic structure, the SAED patterns recorded
for a single particle in the aggregates corresponded to a characteristic polycrystalline ring
pattern as shown in the Figure 5d [25]. The bright circular ring observed is due to the
reflection from the lattice planes of crystalline biosynthesized AgNPs.
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3.2. Effect of Dye Concentration on the Adsorption Process

Adsorption processes are depending on the initial concentration of adsorbate. Initially,
a large number of surface-active sites will be available for adsorbing the desired dye
molecules. So, the adsorption is fast at the initial stage. Figure 6 shows the effect of time
and concentration of the investigated MB dye with respect to decolorization percentage.
A decrease in degradation efficiency occurs as dye concentration increases due to several
factors. As there are fewer active sites on the surface, hydroxyl radicals will be less active,
and the probability of a photon reaching the surface of AgNPs is decreased with increasing
the dye concentration, resulting in a decreased decolorization percentage [26].
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3.3. Effect of pH on the Adsorption Process

Each of the adsorbate solutions were prepared at different pH levels (2.0, 4.0, 6.0, 8.0,
and 10) using either 1.0 N HCl or 1.0 N NaOH. There were optimum amounts of adsorbents
in dye solutions that were added (0.1 g of AgNPs), and the mixture was agitated. The
amount of dye that was adsorbed was measured. From the plot of pH versus percentage of
dye removal (Figure 7), it was observed that the optimum pH of the process was 4. This is
due to the fact that the degradation of MB dye was increased. The neutralization of the
negative charges at the surface of AgNPs will enhance the diffusion phenomena to occur,
and more active sites will be available for the adsorption process. However, when the
pH is below 4, the dye degradation and the number of negatively charged adsorbent sites
decreases. The increasing in the number of positively charged surface active sites enhances
the dye-adsorbent repulsion, which reduces the efficiency of the adsorption process. At a
lower pH, the MB adsorption dye improved due to the acidic media. As pH increases, the
adsorbent surface acquired negatively charges, and they are responsible for increasing the
adsorption capacity due to the electrostatic interaction. However, the adsorption of MB
dye was observed decreasing at high pH.
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3.4. Effect Temperature on the Adsorption Process

An initial MB dye concentration of 10 mg/L was used to determine the effect of
temperature on degradation efficiency of MB on the surface of the biosynthesized AgNPs.
Figure 8 exhibits the influence of temperature on percentage decolorization. According to
the study, the optimal temperature for dye degradation was found to be 35 ◦C. Further,
when the temperature was raised above 35 ◦C, the dye adsorption decreased significantly.
This is due to the fact that the adsorptive forces at the adsorbent active sites and the
adsorbate may be weakened.
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3.5. Adsorption Isotherms

The interaction between adsorbate and adsorbent is described using adsorption
isotherms. Langmuir and Freundlich isotherm models are used to assess experimental and
theoretical MB dye adsorption data. According to Langmuir, adsorption occurs uniformly
or homogeneously on the surface of the biosynthesized AgNPs adsorbent. Langmuir’s
linear expression can be found in Equation (2) [10];

Ce

qe
=

1
Qb

+
Ce

Q
(2)

where Ce is the equilibrium concentration of a dye in solution (mg/L), qe is the amount of
dye adsorbed on to the Cs (mg/g) MB, Q is the Langmuir constant related to adsorption
capacity (mg/g), and b is the Langmuir constant related to sorption energy (L/mg). The
experimental data for the decolorization of MB dye is fitted in the rearranged Langmuir
equation, which has found successful applications of monolayer adsorption. The plot
obtained is shown in Figure 9. A Freundlich isotherm is used to determine the adsorption
capacity of MB dye on the biosynthesized AgNPs. Equation (3) is the linear form of the
Freundlich isotherm.

log qe = log k f +
1
n

log Ce (3)

where Ce is the equilibrium concentration of the dye in solution (mg/L), qe is the amount of
dye adsorbed on the adsorbent (mg/g), and Kf and 1/n are Freundlich constants [27]. The
graph of log qe is plotted against log Ce and is found not to be linear as shown in Figure 10.
The 1/n value from the experimental data is greater than 1, which shows unsatisfactory
adsorption of MB dye onto the surface of the biosynthesized AgNPs adsorbent. The
parameters of Langmuir and Freundlich constants are given in Table 1. The Langmuir
isotherm was found to be the best fit in the experimental data—better than the Freundlich
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isotherm. This shows the monolayer adsorption of MB dye onto the biosynthesized AgNPs
adsorbent, with the maximum adsorption capacity of 1.023 mg/g.
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Table 1. Freundlich and Langmuir isotherm parameters used at the adsorption of methylene blue
dye onto the surface of the biosynthesized AgNPs adsorbent.

Freundlich Parameters Langmuir Parameters

kf n R2 Qm (mg/g) b (L/mg) R2

1.0023 1.100 0.931 121.04 0.2842 0.998

3.6. Adsorption Kinetics

For the study of adsorption kinetics, pseudo first order and pseudo second order
kinetic models are widely used. These models are used to determine the rate at which
adsorption occurs or the rate at which solute is absorbed. When it comes to designing the
reactors, these models pay more attention. Our study examined the rate at which MB dye
adsorbed onto surfaces by applying pseudo first- and second-order equations in order to
determine how fast it adsorbed. There is a strong correlation between experimental data
and predicted values using different models (value close or equal to 1).
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3.6.1. Pseudo First Order Kinetic Model

The rate of MB dye adsorption on the biosynthesized AgNPs adsorbent’s surface is
proportional to the amount of dye adsorbed from the liquid phase; the pseudo first order
kinetic equation may be expressed as in Equation (4) [10]:

log qe − qt = log qe −
kadt

2.303
(4)

where q and qe represent the amount of dye adsorbed (mg/g) at time t and at equilibrium
time, respectively, where kad is the adsorption rate constant [28]. Figure 11 shows the plot
of linearized form of the pseudo first order kinetic model. The slopes and intercepts of the
plotted graph of (log qe − qt) versus time were used to determine the pseudo first order
rate constant kad and the equilibrium adsorption capacity qe.
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3.6.2. Pseudo Second Order Kinetic Model

The pseudo second order kinetics model can be expressed by Equation (5) [10]:

dqt/qt = k2(qe − qt)
2 (5)

where k2 represents the pseudo second order rate constant. The qe and qt represent the
amount of dyes adsorbed (mg/g) at equilibrium and at time t. For the boundary condition
t = 0 to t = t and qt = 0 to qt = t, the integral form of the Equation (3) becomes Equation (6) [10]:

t/qt = 1/k2q2
e + t/qe (6)

The values of the k2 and qe are calculated from the intercepts and slopes of the plots of
t/qt vs. time (Figure 12), and the corresponding coefficient of determined R2 values are listed
in Table 2. The experimental value of qe is 10 mg/L and the theoretical value is 9.708 mg/L
for second order. From this reason, it can be interpreted that the adsorption process of
methylene blue dye on the biosynthesized AgNPs follows second order kinetics [29–31].

Table 2. Pseudo first and second order kinetic models.

Pseudo First Order Pseudo Second Order

qe (mg/g) kad (1/min) R2 qe (mg/g) kad (g/mg/min) R2

81.01 0.046 0.916 97.08 0.707 0.99
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the biosynthesized AgNPs.

As a result of these findings, the prepared nanoparticles mediated by S. molesta could
be used effectively in environmental remediation, and their phenomenal behavior might be
extensively utilized to breakdown hazardous organic colorants from different industrial ef-
fluents. The pseudo first order (P.F.O) reaction R2 value was calculated as 0.91 as compared
to pseudo second order (P.S.O) reaction 0.99 and fitted well. Decolorization percentage of
methylene blue dye as adsorbed on the AgNPs was fitted with the Langmuir model.

4. Conclusions

This study highlights the use of nanotechnology for methylene blue dye adsorption
on biosynthesized silver nanoparticles with effective results. It was shown that bioactive
components of the aquatic macrophyte (S. molesta) extracts can be used as a reducing agent
to fabricate silver nanoparticles used efficiently in methylene blue dye adsorption. This
is a quick method for the production of well-defined silver nanoparticles, as evidenced
by UV-Vis, TEM, SEM, and SAED methods. The efficient activity of silver nanoparticles
enhancing the methylene blue dye degradation was observed. The biosynthesized Ag-NPs
have high adsorption activity against the decolorization of methylene blue dye. The present
study could be an indication for further future research to identify other nanoparticles for
different synthetic dyes for efficient degradation potential.
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Abstract: Carbon-fiber composites are considered to be one of the suitable materials for the fabrication
of prosthetic feet. However, commercially available composites-based prosthetic foot designs present
several problems for lower limb amputees, such as low tensile strength, reduced impact resistance,
high cost, and weight structure. Modulating the mechanical properties of carbon-fiber composites
using a simplified method can help reduce these issues. Therefore, our present research aims to
identify the impact of increasing the concentration of carbon fiber in the fabrication of carbon-fiber
composites by using the hand layup method without the vacuum bagging technique. To improve the
mechanical strength of carbon-fiber laminates, an increasing number of carbon-fiber layers are used in
sample preparation. This study aims to determine the tensile strength of the laminates with a different
number of carbon-fiber laminations. For the preparation of the sample specimen, black 100% 3 K
200 gsm carbon fiber with a cloth thickness of 0.2 mm and tensile strength of 4380 Mpa was laminated
with two parts of epoxy resin Araldite® LY556 and Aradur hardener at a ratio of 100:30 to make the
test specimen. The results indicated an overall improvement in the tensile strength of carbon-fiber
laminates owing to the increase in the number of carbon-fiber layers in successive samples. The
maximum achieved tensile strength through the present experimental protocol is 576.079 N/mm2,
depicted by a prepared specimen of 10 layers of carbon fiber. Secondly, an increase in the deformation
rate has also been observed by increasing the loading rate from 2 mm/min to 5 mm/min during
the tensile testing of fabricated samples. These sample carbon-fiber composites can be used in the
fabrication of prosthetic feet by controlling the experimental conditions. The fabricated prosthetic
foot will assist in rehabilitating lower-limb amputees.

Keywords: carbon-fiber composites; tensile strength; deformation rate; prosthetic foot

1. Introduction

Lower-limb amputations severely affect quality of life by restraining body functions such
as movement. Lower-limb prosthetics rehabilitate not only mobility but also the well-being of
amputees. One of the primary factors in rehabilitating lower limb amputees is the prosthetic
foot. For this purpose, several prosthetic foot designs have been introduced since the SACH
(Solid-Ankle Cushion-Heel) foot was developed in 1957 [1]. SACH has been prescribed to
disabled patients because it could lower the impact loading at heel strike.

Nevertheless, this commonly used prosthetic foot can store and release a small amount
of elastic energy [2]. Other earlier prosthetic foot designs consisting of wood, metal,
and vulcanized rubber presented various issues for amputees, such as lack of durability

98



Crystals 2022, 12, 1429

and discomfort. Previously, problems with prosthetic foot designs, including the Shape
and Roll foot, Niagara Foot, and Jaipur foot, were investigated by several studies [3–5],
stating similar issues of reduced durability and increased weight. Owing to problems with
formerly used prosthetic foot materials, carbon-fiber composites were considered a suitable
alternative, as stated by previous research [6]. Nolan [7] supported using composite
materials for designing prosthetic feet because of their energy storage capacity, which
provides a rehabilitative advantage to amputees requiring a high activity level.

Similarly, Campbell [8] also supported using carbon fiber and glass fiber in prosthetic
applications for their low density, lightweight quality, and high strength. Recently, another
study in Vietnam also provided evidence that carbon-fiber laminated prosthetic feet store
elastic energy, helping the body move forward and reducing the impact force on residual
limbs [9]. This property increases the flexibility of the prosthetic foot, thus mimicking the
working of a natural foot.

Carbon fiber has been a primary choice for industrial uses for over a century. Their
excellent strength-to-weight and stiffness-to-weight ratios make them suitable for the
automotive, aerospace, and prosthetic industries. According to Sau-Fun et al. [10], pre-
viously, wood and metal were utilized as the preferred materials for constructing and
fabricating prosthetic devices. However, Maruo et al. [11] suggested that such prosthetic
materials presented issues such as reduced resistance to moisture and corrosion, and
dampness. Similarly, another study stated that prosthetic applications require durable
and stable materials such as synthetic fibers to provide comfort and control to amputees.
Scholz et al. [12] related the supremacy of these composite materials over other materials
to their biocompatibility and strength-to-weight characteristics.

Furthermore, Liu et al. [13] also claimed that the enhanced characteristics of fiber
composite materials make them suitable for the prosthetic industry and industries such as
sports, aeronautics, and aerospace. In recent studies, various other forms of composites,
such as polypropylene (PP)-based nanocomposites, have also been tempered with nanoclay,
basalt fibers, and graphene to be used in the aerospace industry [14,15]. Another form of
composites known as fiber laminated metals (FML) has also been studied to investigate
their impact on the mechanical strength of aircraft components. The results depicted an
overall increase in tensile strength using fiber laminated metals [16]. Modulating fiber
composites with different techniques can enhance their mechanical properties, making
them suitable for various manufacturing industries [17].

Prosthetic utilization has been significantly dependent on carbon fibers due to their
ability to store energy and their adaptability, according to Dziaduszewska et al. [18]. The
properties of carbon fibers can be manipulated by fabricating carbon-reinforced composites
using epoxy resins and woven carbon fibers. Oleiwi et al. [19] explained that the lamination
process could incorporate specific tensile properties and rigidity by controlling the specific
angles and altering the matrix. Using various lamination techniques, blended polymer
frameworks can be constructed to be utilized for the manufacturing of prosthetic limbs, as
depicted by an experimental protocol designed by Abbas et al. [20]. Nowadays, the rapid
prototyping system uses metal, plastic, or other material laminations to fabricate orthotic
and prosthetic devices [21].

Several theoretical and experimental studies have been carried out to improve the
mechanical properties of carbon-fiber composites. Jweeg et al. [22] have characterized two
different fiber-type composite materials resulting in better performance outcomes for unidi-
rectional fibers. Similarly, Abbas et al. [20] supported the improved mechanical properties
of carbon-fiber composites by increasing the number of layers in carbon-fiber laminates
during the manufacturing process. A recent study conducted by Khare et al. [23] also
depicted that flexural strength increases by 17% when using 15% carbon-fiber reinforcements.
Likewise, Rahmani et al. [24] supported the fact that the mechanical strength in composites can
be improved by manipulating the interlaminar properties and strengthening the resin matrix.
Hadi et al. [25] demonstrated a greater impact of the reinforcement material on improved
tensile strength rather than the direction of polymer laminates. Muhammed et al. [26] sug-
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gested a relationship between the tensile strength and weight percentage of the reinforcement
material that enhances certain properties, including elasticity, yield strength, and ultimate
strength, by changing the weight percentage of the fiber composites.

Over previous decades, several cost-effective techniques were presented for the
fabrication of carbon-fiber composites to improve their mechanical properties. Such
techniques include hand layup, compression molding, vacuum bagging, and vacuum-
assisted resin transfer molding to manufacture epoxy-based composites, as described by
Pulikkalparambil et al. [27]. The improvement of prepared composites’ properties depends
on the suitability and efficacy of the selected technique. For instance, Muralidhara et al. [28]
previously developed carbon-fiber laminates using the hand layup method followed by
vacuum bagging, producing a significant improvement in the mechanical performance
of the carbon-fiber composites. However, the tensile and flexural strength of the material
was significantly enhanced by vacuum bagging compared to the hand layup method.
Chen et al. [29] provided a different perspective regarding the wet hand layup method’s
limitations compared to fiber 3D printing (F3DP). The study concluded that the hand layup
method fabricated prostheses with great flexure rather than tensile strength.

In this work, a simplified hand layup method has been utilized to fabricate carbon-fiber
laminates to test the suitability of carbon fibers for prosthetic purposes. Carbon-fiber layers
were subsequently increased in the prepared carbon-fiber laminates to test the impact of in-
creasing the fiber content over the mechanical strength. The previous study conducted by
Al-Khazraji et al. [30] depicts the suitability of such laminates for prosthetic sockets. The present
study will focus on the suitability of such materials for designing a prosthetic foot prototype.

2. Materials and Methods
2.1. Materials

To test the mechanical strength of carbon-fiber laminates, the following materials have
been used for the preparation of samples:

1. Black 100% 3 K 200 gsm carbon-fiber cloth with tensile strength 4380 Mpa
(thickness = 0.2 mm);

2. Two parts epoxy resin Araldite® LY556;
3. Hardener Aradur® 22962;
4. Mold releasing wax;
5. Plywood for mold preparation.

2.2. Experiment Protocol
Specimen Preparation

A 100% 3 K 200 gsm carbon-fiber cloth with a thickness of 0.2 mm was cut into
dimensions of 24 × 2.5 mm to prepare several layers of carbon-fiber lamination. To prepare
the required samples of laminates for tensile testing, the carbon-fiber cloth with 0.2 mm
thickness was stacked to up to 10 layers. For the preparation of each sample, 2, 6, and
10 carbon fabric layers were laminated using epoxy resin in a ratio of 100:30 by volume.
The thickness of each sample varied owing to the difference in the number of carbon-fiber
laminations. In a drying oven, these laminated samples were cured at a high temperature
of between 80 ◦C and 120 ◦C.

For the preparation of carbon-fiber laminates, the fibers were kept at the orientation of
0◦ and 90◦. Further, for constructing the laminates, two parts of an epoxy resin with the
properties listed in Table 1 were applied using a paintbrush to acquire an equal distribution
of resin between the subsequent layers of carbon fiber.

The hand layup method was used to fabricate the required carbon-fiber samples and
the wooden molds to assist in curing the samples. The hand layup process is depicted in
Figure 1. The hand layup method is one of the most significant processes in the composite
manufacturing industry. This process helps build high-performance composite materials
with enhanced mechanical as well as structural properties [31]. Carbon-fiber composites
are fabricated layer by layer and incorporated with epoxy resin. The hand layup process
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consists of carbon-fiber composites, including layers of well-aligned fiber reinforcements
with the matrix material. The prepared carbon-fiber laminates can be used for various
applications, including sports goods, automotive, and prostheses. For the fabrication of a
prosthetic foot prototype, the first step is the design construction using SolidWorks 2017
software. Three parts of the prosthetic foot (sole, keel, and heel) are designed using the
approximate measurements of an average foot size (24.5 cm).

Table 1. Properties of epoxy resin and hardener.

Properties Epoxy Resin Araldite® LY556 Hardener Aradur® 22962

Viscosity at 25 ◦C (ISO 12058–1) 10,000–12,000 mPa s 5–20 mPa s
Density at 25 ◦C (ISO 1675) 1.15–1.20 g/cm3 0.89–0.90 g/cm3

Flash Point (ISO 2719) >200 ◦C ≥110 ◦C
Storage Temperature 2–40 ◦C 2–40 ◦C

Epoxy content (ISO 3000) 5.30–5.45 eq/kg ____
Epoxy equivalent (ISO 3000) 183–189 g/eq ____
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Figure 1. Hand Layup Process for producing carbon-fiber composite samples.

Laminates are cured in the drying oven at temperatures of 80 ◦C to 120 ◦C. The
prepared samples are then subjected to shear cutting and sanding to refine the laminated
samples. The process is repeated for several samples to fabricate the required number of
samples used in the universal testing machine. Table 2 depicts the experimental protocol
for sample fabrication.
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Table 2. Experimental protocol.

Araldite® LY556/Aradur® 22962 Number of CF Laminations Load Rate

100:30

2 layers
4 layers 2 mm/min, 2 mm/min

2 layers 5 mm/min
6 layers 5 mm/min

10 layers 5 mm/min

2.3. Tensile Testing

Tensile testing is one of the crucial steps in determining the mechanical strength of
a particular material, which is carbon-fiber laminates in the present case. A universal
testing machine is used to apply a uniaxial load on the sample until the point of failure,
as shown in Figure 2. The acquired result from the tensile testing can be utilized to
select suitable materials for quality control or prosthetic applications. The mechanical
testing also predicts the properties of the material being tested. These properties include
maximum elongation or reduction in the cross-sectional area and ultimate strength. For this
purpose, the specimen is loaded in a controlled manner in the grip section of the universal
testing machine (UTM). The materials are prepared and tested according to the ASTM
D3039 standard, which provides the guidelines for testing the laminated type of composite
material [32]. The maximum capacity of the universal testing machine is 20 KN, which
worked on the electronic control servo mechanism. The gauge length for each sample was
kept at approximately 80 mm. Furthermore, the material was subjected to tensile testing at
5 mm/min.
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Figure 2. (a) Tensile Test for carbon-fiber composites in UTM (b) Mechanical behavior of carbon-fiber
composites in UTM.

2.4. Design Concept of Prosthetic Foot

For the fabrication of a prosthetic foot prototype, the first step is the design construction
using SolidWorks 2017 CAD software (version 25, Dassault Systèmes, Waltham, MA, USA).
Three parts of the prosthetic foot (sole, keel, and heel) are designed using the approximate
measurements of an average foot size (24.5 cm). The sole, keel, and heel dimensions are
24.5 cm × 9 cm, 19.2 cm × 7 cm, and 8.3 cm × 5 cm, respectively. The thickness of each
part was kept equal to 0.7 cm, as the prosthetic footplates were manufactured using the
same number of carbon-fiber layers. Figure 3 illustrates the CAD design and fabricated
prosthetic foot prototype.
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Figure 3. (a) CAD design for prosthetic foot prototype (b) Fabricated prosthetic foot prototype.

3. Results

The mechanical strength of three specimens of carbon-fiber laminates were tested
using the universal testing machine. The first sample was prepared using two carbon-fiber
layer reinforcements (0◦/90◦) and epoxy resin in a ratio of 100:30 by volume and tested to
determine the maximum stress capacity. This two-layered sample exhibited a mechanical
strength of 251 N/mm2 before the failure of the carbon-fibers in the sample. Figure 4a
depicts the ultimate tensile strength along with the failure of the tested sample.
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Figure 4. (a) Stress–strain Curve for Sample 1 (b) Stress–strain Curve for Sample 2 (c) Stress–strain
Curve for Sample 3.

Similarly, the second laminated sample was prepared using the six layers of carbon
fibers with the same ratio of two parts of epoxy resin. The increase in the number of
CF layers increased the stress-enduring capability of the laminate. Table 3 shows the
parameters obtained when tensile testing the carbon-fiber laminates along with the stress–
strain curve generated by the universal testing machine. The stress–strain graph in Figure 4b
shows a higher ultimate tensile strength for the sample in comparison to the previous one
in Figure 4a. Secondly, the material breaks after reaching the yield point, which suggests
the maximum load-bearing capability of the fibers. For this sample, 10 layers of carbon
fiber were added along with the 100:30 of two parts epoxy resin. The mechanical properties
of the sample are evident from the data and stress–strain curve in Figure 4c.
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Table 3. UTM Generated Data for Carbon-fiber Composites.

Sample Time
(sec)

Stress
(N/mm2)

Strain
(%)

Force
(N)

Displacement
(mm)

Stroke
(mm)

Sample 1

0 −0.06769 0 −2.26498 0 0
0.1 −0.13361 0.044444 −0.54995 0.005333 0.005333
27.23 251.2207 18.88733 1034.025 2.266479 2.266479
45.36 208.7001 31.47639 859.0095 3.777167 3.777167
55.26 167.9828 38.35209 691.4171 4.60225 4.60225

Sample 2

0 −2.85135 0 −98.3715 0 0
0.1 −2.77994 0.002438 −95.9078 0.002146 0.002146
179.64 330.9781 6.805351 11,418.74 5.988708 5.988708
188.58 75.94242 7.141951 2620.013 6.284916 6.284916
188.4 75.85056 7.135014 2616.844 6.278812 6.278812

Sample 3

0 −0.06769 0 −2.26498 0 0
0.1 0.266715 0.006849 8.924802 0.005479 0.005479
52.1 576.079 5.426823 19276.75 4.341458 4.341458
52.12 540.9233 5.429844 18100.37 4.34z3875 4.343875
52.18 −0.29973 5.432031 −10.0295 4.345625 4.345625

Several samples showed abnormal behavior under the application of force by the
universal testing apparatus. Figure 5a,b illustrate the stress–strain curve of the failure of
several laminated samples. Most of these samples were tested at a lower load rate which
resulted in different tensile behavior. Figure 5a,b depicts the stress–strain graph for the
samples tested under a load rate of 2 mm/min in the Universal Testing Machine.
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Prosthetic Foot Prototype Results

The prototype for the prosthetic foot was tested under a static load of 68,948 N/m2

to check the displacement of footplates. Figure 6a shows the displacement under a load
of zero. However, Figure 6b shows the displacement of footplates when a static load
(68,498 N/m2) was applied for a few minutes. The displacement recorded under the load
is 10 mm in the heel section of the foot. The static loading on the fabricated prosthetic foot
was performed to assess the stability. Various other methods such as cyclic loading, MTS
testing, and ANSYS Static Structural Analysis can be used for further investigation of a
prosthetic foot in terms of its range of motion [33]. However, due to the lack of the required
apparatus for cycling loading, mechanical testing was performed using a static load.
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4. Discussion

In the present study, tensile testing of carbon-fiber laminates indicates that increasing
carbon-fiber content for composite fabrication can enhance mechanical strength. The
mechanical properties of different samples are depicted in Table 4. Furthermore, the
stress–strain curves generated by the universal testing machine can help to determine
the mechanical properties of the used material. The stress–strain curve shows a linear
behavior at certain points and non-linear curvatures at the start of the mechanical test. The
linear sections of these graphs indicate that increasing the load on the laminates increases
the strain rate along with a deformation of the fibers present in the sample, resulting in
breakage of the tested carbon-fiber laminates. It was suggested by Wang et al. [34] that the
failure of composites occurs when carbon fibers in the samples are fractured. The failure
points in the reported study were observed at 470 MPa and 800 MPa, respectively. These
failure stress points show the functional failure point of the composite sample.

Table 4. Mechanical Strength of Tested Carbon-fiber Laminates.

CF Layers Load Rate Epoxy: Resin Mechanical Strength (N/mm2)

2 2 mm/min 100:30 33.15
4 2 mm/min 100:30 127.88
2 5 mm/min 100:30 254.51
6 5 mm/min 100:30 341.54

10 5 mm/min 100:30 576.07

However, the non-linear regions in the stress–strain curve indicate the viscoelastic
nature of the matrix, along with the brittle failure of the composite sample. Secondly, the
slope in the stress–strain graphs show the initial stiffness of the carbon-fiber composites.
The lowest tensile strength is shown by the two-layered laminates tested at a loading rate
of 2 mm/min. To improve the tensile strength, other two-layered laminates were tested at
an increased loading rate of 5 mm/min. Khan et al. [35] have reported a direct dependency
of fracture strain and stress on the load rate in the case of carbon-fiber composites.

The increase in the number of layers in successive samples indicated a direct impact
on the tensile strength of the carbon-fiber laminates, as evident from Figure 7. The tensile
strength is mainly affected by the type of fiber used in the composition of the laminate.
Furthermore, the applied matrix also varies the properties of the composite by improving
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the adhesion bond between carbon-fiber layers [28]. The mechanical properties of the
composite materials also depend on the fabrication technique.
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Figure 7. Stress–strain Superimposed scattered plot for tested carbon-fiber samples.

As evident from the stress–strain curves, the yield point (maximum point for linear
behavior) is followed by the tensile deformation of the sample resulting from the failure of
fibers under stress. The cross plies (0◦/90◦) are the major regions initiating the cracks in the
composite samples. The breakage occurs in those areas in fiber structure which have a lower
tensile strength than the ideal tensile strength of the unidirectional composites. For instance,
one of these breakage points is depicted in the stress–strain graph for sample 2, which is at
351.54 N/mm2. Moreover, failure of the reinforced fiber composites can also occur due to
the formation of hollow spaces and the uneven distribution of the carbon-fibers in the epoxy
matrix. Another issue in the failure of the mechanical testing is the slippage of the fibers
in the grip section of the UTM. Concerning the reduced tensile strength, Khan et al. [35]
have reported a direct dependency of tensile strength over the loading rate. Our study
supported this dependency by depicting a reduced tensile strength and failure behavior at
a loading rate of 2 mm/min, as illustrated in Figure 5a,b.

The deflection of the heel section under a high static load (68,948 N/m2) shows that
the prosthetic foot can withstand higher stress conditions. The minimum deflection of
10 mm also shows the lower probability of delamination of the fabricated carbon-fiber
plates under static load. The tested carbon-fiber laminates with high mechanical strength
can be used for multiple prosthetic and orthotic purposes.

Our research depicted different behaviors in the mechanical strength of the woven
carbon-fiber composites than previously reported. Our study also simplified the overall
manual process of the hand layup method by eliminating the vacuum bagging process,
which was a commonly used procedure in previous studies, depicted in Table 5. Using
the hand layup method can increase the probability of forming an uneven matrix and
fiber distribution, along with hollow sections which can lead to the failure of carbon-
fiber composites. The difference in mechanical behavior and non-linearity can be due to
factors such as experimental settings and manufacturing techniques. Such factors must be
modulated to improve the tensile behavior of carbon-fiber composites in future studies.
Furthermore, carbon-fiber composites are considered an expensive material for prosthetic
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applications, which can be a limitation in manufacturing carbon-fiber composites on an
industrial scale.

Table 5. Comparison of Findings of Previous Studies.

Previous Studies Materials Fabrication Method Tensile Strength Conclusion

(Muralidhara et al. 2020)

Carbon fiber: T800CF/Ep,
T700CF/Ep, and T300CF/Ep
Epoxy Resin: Araldite LY1564

Hardener: Aradur 22962

Hand layup method
with vacuum

bagging process

Approximately 680 MPa,
630 MPa, and 330 Mpa.

(2–6) % increase in the
mechanical strength by

vacuum bagging in
comparison to the hand

layup method.

(Chen et al. 2021)
Unidirectional

carbon-fiber sheets
Two parts epoxy resin

Hand layup method

The mean tensile strength
of 13 CF samples showed
an average tensile strength

equal to 164.57.

The hand layup method
provided higher stiffness

and mechanical
strength in flexure.

(Pham et al. 2020) Dry carbon-fiber fabric
Polyester resin

Hand layup method
with vacuum bagging

Specimen tensile strength
was found to be 243 Mpa.

The manufactured prosthetic
foot prototype will enable

forward propulsion
lowering the impact force

upon residual organs.

[36] (Karthik et al. 2021) Glass, carbon,
and Kevlar fibers

Hand layup method
with compression

molding

A mixture of carbon and
Kevlar fibers indicated the
highest tensile strength of

385.09 Mpa.

Carbon-Kevlar-Carbon
composites showed fewer

surface defects under stress.

5. Conclusions

In this research, the hand layup process was used with no vacuum bagging apparatus
to investigate the impact of increasing carbon-fiber content on the mechanical strength of
carbon-fiber composites. Through the optimization of this process, carbon-fiber composite
plates were fabricated, which were used to construct a prosthetic foot prototype. Mechanical
testing of various layered carbon-fiber composites under different loading rates (2 mm/min
and 5 mm/min) depicted different tensile strengths. The minimum number of carbon-fiber
layers (n = 2) demonstrated the lowest tensile strength of 254.51 N/mm2. Subsequently, a
slight improvement in the mechanical strength was observed in the six-layered composite
sample, demonstrating a tensile strength of 341.54 N/mm2. However, the ten-layered
sample had the highest tensile strength of equal to 576.07 N/mm2. The Universal Testing
Machine results suggested that increasing the number of CF laminations can improve
mechanical strength. The acquired results were different from the previously reported
data in terms of having lower tensile strength. The difference in the tensile behavior might
be the result of different experimental procedures. The hand-layup method is effective
in improving flexural strength and stiffness of the material rather than tensile strength
as evidenced by previous studies reported in this study. Secondly, the breakage of the
specimen normally occurs at the cross plies after reaching the yield point, indicating
the maximum stress that the specimen can withstand. The fracture behavior depicted
the brittle behavior of the tested material. By controlling the environmental conditions
and experimental parameters in future studies, the mechanical strength of the prepared
composite samples can be further enhanced.
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